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Thesis abstract 
Mangrove forests are endangered in times of urbanization and climate change. The 
destruction of mangrove forests may result in a loss of species, ecosystem functions and 
thereby ecosystem goods and services. Studies have emphasized the importance of 
burrowing and leaf litter feeding crabs for functioning of mangrove ecosystems. Crabs rework 
the sediment by constructing and maintaining burrows and process leaf litter, which is 
otherwise exported by the tide. Thus, crabs can influence sediment characteristics, energy 
and nutrient cycling and, consequently, other ecosystem components such as tree growth. 
Yet, the impact of crab activity on ecosystem processes, and subsequently on ecosystem 
functioning, is unclear. Furthermore, previous studies focused on smaller fiddler crabs or 
crab species from the Indo-West Pacific region. Larger burrowing crabs, which are 
predominant in the Atlantic-East Pacific region, are less well studied, making generalization 
of the role of mangrove crabs difficult. This thesis aims to better understand the role of large 
burrowing and leaf litter feeding crabs, using Ucides cordatus (Ucididae) as a model 
organism, in sediment processes (chapters 3 and 4) and, based on these processes, in the 
ecosystem functioning of a Brazilian mangrove forest (chapter 5). Results of these studies 
are evaluated in the thesis synthesis (chapter 6) to understand the importance of 
U. cordatus, but also of burrowing and leaf litter feeding crabs in general, for mangrove 
ecosystems. 
The first experiment was a microcosm experiment exposing Rhizophora mangle L. seedlings 
to simulated spring-neap tide cycles. Within this setting, the ability of artificial burrows with 
one opening to facilitate salt release was studied, and it was determined if desalting 
improved seedling growth. Salt accumulated in sediment due to water uptake of seedling 
roots. Sediment salinity and seedling growth in plant containers with and without artificial 
burrows were recorded over six months. Additionally, sediment salinity data were collected in 
a field experiment to determine if areas with a high U. cordatus burrow density (mainly 
burrows with one opening) coincided with areas with low sediment salinity. Therefore, 
sediment salinity and burrow density were measured in rooted and non-rooted gap areas 
between trees. In the second field study, CO2 released from U. cordatus burrows and the 
reduction potential in the burrow wall sediment, as one factor influencing CO2 release, were 
measured. The contribution of crab respiration to the amount of CO2 released from burrows 
was estimated in the laboratory. As a third field experiment, a one year crab removal 
experiment in a R. mangle forest was conducted. The effect, and possible subsequent 
secondary effects, of bioturbation and leaf litter processing activity by U. cordatus on 
sediment characteristics was studied. Measured sediment parameters were salinity, organic 
matter content, surface sediment CO2 efflux rate and reduction potential. Secondary effect 
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parameters were stipule fall rate, as an indirect indicator of tree growth, and macrobenthic 
community composition and density. 
Results of the studies showed that artificial burrows facilitated salt release, but did not 
significantly influence seedling growth. Field data showed that high sediment salinities in 
rooted areas coincided with high burrow densities, indicating that desalting by burrows may 
be masked by the high salt accumulation by tree roots during water uptake. Further, the 
presence of U. cordatus burrows and crab respiration significantly increased the CO2 efflux 
rate of sediment compared with sediment without burrows. This indicated that burrowing 
crabs should be allowed greater consideration within carbon budget estimates for mangrove 
forests. Despite the clear effects found in the previous two experiments, in the crab removal 
experiment none of the measured parameters changed in the removal plots with decreasing 
burrow density; however, parameters did change with precipitation throughout the year. 
These findings imply that bioturbation and leaf litter feeding by U. cordatus locally (around 
their burrows) influenced sediment processes, but combined local effects did not influence 
the entire sediment. This could be due to the relatively low burrow density, or other factors 
such as precipitation or salt accumulation by mangrove tree roots due to water uptake, which 
influenced the studied sediment processes and thereby, and more importantly, ecosystem 
functioning of the Brazilian mangrove forest. 
In conclusion, to evaluate the role of U. cordatus and other burrowing and leaf litter 
processing crabs in their ecosystem, it is necessary to consider both their activity patterns 
and the inherent ecosystem properties that may influence the magnitude of the impact of 
crabs on ecosystem functioning. Such properties include climate and tidal regime or biotic 
factors such as crab abundance, trophic level of crabs within the food web or the species 
richness of the ecosystem. 
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Zusammenfassung 
In Zeiten fortschreitender Urbanisierung und des Klimawandels sind Mangrovenwälder 
zunehmend gefährdet. Die Zerstörung der Mangrovenwälder hat den Verlust von Arten, 
Ökosystemfunktionen und dadurch den Wegfall von Ökosystemgütern und -dienstleistungen 
zur Folge. Untersuchungen heben die wichtige Rolle von bioturbierenden und 
laubfressenden Krabben für die Funktionalität von Mangrovenökosystemen hervor. Krabben 
bearbeiten das Sediment indem sie Krabbenlöcher bauen oder umbauen. Außerdem fressen 
sie das Laub von Mangrovenbäumen, das ansonsten von der Tide aus dem System 
wegtransportiert werden würde. Daraus lässt sich schließen, dass Krabben die 
Sedimenteigenschaften, den Energie- und Nährstoffkreislauf und damit wiederum weitere 
Teile des Mangrovenökosystems, wie zum Beispiel das Baumwachstum, beeinflussen 
können. Der Einfluss der Krabbenaktivität auf Ökosystemprozesse und damit auf die 
Funktionalität des Ökosystems ist nicht umfassend erforscht. Außerdem konzentrierten sich 
frühere Studien auf kleinere Winkerkrabben oder Krabbenarten aus dem Indo-
Westpazifischen Raum. Größere bioturbierende Krabben aus dem Atlantik-Ostpazifischen 
Raum wurden weniger untersucht, so dass verallgemeinernde Schlussfolgerungen zu der 
Rolle von Mangrovenkrabben schwer fallen. Diese Dissertation untersucht die Rolle großer 
bioturbierender und laubfressender Krabben anhand des Modellorganismus Ucides cordatus 
(Ucididae) für Sedimentprozesse (Kapitel 3 und 4). In einem weiteren Schritt und basierend 
auf den gewonnen Erkenntnissen werden die Funktionalität des brasilianischen 
Mangrovenwaldes (Kapitel 5) erörtert. In der Zusammenfassung der Dissertation (Kapitel 6) 
werden die Ergebnisse dieser Arbeit daraufhin diskutiert, welche Bedeutung U. cordatus im 
Speziellen, aber auch andere bioturbierende und laubfressende Krabben im Allgemeinen für 
das Ökosystem haben. 
Das erste Experiment war ein Mikrokosmos Experiment, bei dem Rhizophora mangle L. 
Sämlinge einer simulierten Spring- und Nippflut ausgesetzt wurden. Innerhalb dieses 
Versuchsaufbaus wurde erforscht, ob künstliche Krabbenlöcher mit einer einzigen Öffnung 
die Salzauswaschung aus dem Sediment erleichtern können und damit auch die 
Wachstumsbedingungen für die Sämlinge verbessern. Salz wurde bei der Wasseraufnahme 
der Wurzeln des Sämlings im Sediment angereichert. Der Salzgehalt des Sediments und der 
Wachstum des Sämlings in Pflanzentöpfen mit und ohne künstlichen Krabbenlöcher wurde 
über sechs Monate beobachtet. Im Zusammenhang mit diesem Experiment wurde zusätzlich 
in einer Feldstudie der Salzgehalt in Mangrovensedimenten bestimmt, um herauszufinden, 
ob Flächen mit hoher Krabbenlochdichte einen geringen Salzgehalt haben. Deswegen 
wurden der Salzgehalt und die Krabbenlochdichte in bewurzelten Flächen und nicht 
bewurzelten Lichtungen gemessen. In der zweiten Studie wurden der CO2-Ausstoß aus 
U. cordatus Löchern und das Reduktionspotential in der Krabbenlochwand, welches den 
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CO2-Ausstoß beeinflussen kann, gemessen. Der Anteil des CO2-Ausstoßes, der aus der 
Respiration der Krabbe resultiert, wurde im Labor gemessen. Das dritte Feldexperiment war 
ein einjähriges Krabben-Ausschlussexperiment in einem R. mangle Wald. Untersucht 
wurden dabei unter anderem Sedimenteigenschaften, die aus der Aktivität der 
bioturbierenden und laubfressenden Krabbe U. cordatus resultieren. Daneben wurde auch 
das Auftreten möglicher sekundärer Effekte überprüft. Gemessene Sedimentparameter 
waren der Salzgehalt, der Gehalt des organischen Materials, der CO2-Ausstoß der 
Sedimentoberfläche und das Reduktionspotential. Sekundäre Effekte wurden anhand der 
Stipelnfallmengenrate, die als Indikator für Baumwachstum gilt, und mit der 
Gemeinschaftszusammensetzung und Dichte des Macrobenthos gemessen. 
Die Ergebnisse der Studien zeigten, künstliche Krabbenlöcher erleichterten die 
Salzauswaschung aus dem Sediment, aber das Wachstum der Sämlinge wurde dadurch 
nicht signifikant beeinflusst. Dazugehörige Felddaten zeigten, dass bewurzelte Flächen mit 
hohem Salzgehalt sich mit einer hohen Krabbenlochdichte auszeichneten, so dass die 
Möglichkeit bestand, dass die Salzauswaschung von der hohen Salzanreicherung durch die 
Mangrovenbaumwurzeln überdeckt wurde. Außerdem wurde gezeigt, dass sich der CO2-
Ausstoß des Sediments durch Krabbenlöcher und die Respiration von U. cordatus - anders 
als bei Sediment ohne Löchern - wesentlich erhöhte. Das hat zur Folge, dass bioturbierende 
Krabben stärker in Betracht gezogen werden sollten für die Kohlenstoffbilanz von 
Mangrovenwäldern. Obwohl klare Effekte in den ersten beiden Studien nachgewiesen 
wurden, gab es in dem Ausschlussexperiment keine Auswirkungen aufgrund der 
abnehmenden Krabbenlochdichte auf die gemessen Parameter in den Ausschlussflächen. 
Einzig der Niederschlag beeinflusste die Sedimentparameter im Verlauf des Jahres. Diese 
Ergebnisse zeigen, dass die Bioturbation und das Laubfressen von U. cordatus die 
Sedimentprozesse nur lokal (um die Krabbenlöcher herum) beeinflussten und diese 
einzelnen lokalen Effekte sich nicht aufsummierten und dadurch das gesamte Sediment nicht 
übergreifend beeinflussten. Das könnte darin begründet sein, dass die Krabbenlochdichte 
relativ gering war oder andere Faktoren, wie zum Beispiel der Niederschlag oder die 
Salzanreicherung durch die Wurzeln der Mangrovenbäume bei der Wasseraufnahme, 
Sedimentprozesse und damit die Funktionalität der brasilianischen Mangrove mehr 
beeinflusst haben. 
Um die Rolle von bioturbierenden und laubfressenden Krabben besser einschätzen zu 
können, ist es notwendig, ihre Aktivitätsmuster sowie auch inhärente Eigenschaften des 
Ökosystems zu berücksichtigen, weil sie den Einflussgrad der Krabbe auf die Funktionalität 
des Ökosystems beeinflussen können. Inhärente Eigenschaften des Ökosystems beinhalten 
das Klima und das Gezeitenregime oder biotische Faktoren, wie zum Beispiel die 
Zusammenfassung 
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Krabbendichte, die trophische Ebene der Krabbe innerhalb des Nahrungsnetzes oder die 
Artenvielfalt des Ökosystems. 
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Chapter 1: General Introduction 
 
Mangrove ecosystems 
Mangrove forests occupy a transient zone in the (sub-) tropics, between ocean and land, 
comprising a worldwide area of 137760 km2 in the year 2000 (Giri et al., 2010). Mangrove 
forests are influenced by both riverine outflow and the oceanic tidal regime. They can trap 
terrestrial sediment and hinder coastal erosion (Adame et al., 2010a; Furukawa and 
Wolanski, 1996). Further, mangrove forests serve as feeding grounds or nursery sites for 
oceanic and coastal nekton (Faunce and Serafy, 2006; Laegdsgaard and Johnson, 2001; 
Sheridan and Hays, 2003), and host a variety of flora and fauna (Ellison, 2008; Nagelkerken 
et al., 2008). Mangrove forests are highly productive ecosystems in terms of primary 
production and, in contrast to other tropical forests, they allocate a large amount of biomass 
below ground as root system (Komiyama et al., 2008). Based on their high productivity and 
slow sediment carbon degradation rate, due to predominant anaerobic conditions, they 
function as potential carbon sinks (Alongi et al., 2001; Bouillon, 2011; Donato et al., 2011; 
Kristensen et al., 2008a; Sanders et al., 2010). 
From an anthropogenic perspective, mangroves provide many ecosystem goods and 
services such as fishery grounds, forestry and tourism (Barbier et al., 2011; Walters et al., 
2008). They can also act as potential tsunami buffer zones, protecting settlements located 
landwards (Alongi, 2008; Dahdouh-Guebas et al., 2005; Danielsen et al., 2005; Kathiresan 
and Rajendran, 2005). 
Rapid urbanization of coastal areas and climate change pose great threats to mangrove 
ecosystems (Gilman et al., 2008). Amongst the main human activities threatening this 
ecosystem are overfishing, logging, pollution and culture of fish and shrimps (Valiela et al., 
2001). While climate change (e.g. elevation of CO2 concentration or sea level rise) is a 
significant threat, deforestation is greater (Ball et al., 1997; Comeaux et al., 2012; Ellison and 
Farnsworth, 1997; Ye et al., 2004). Approximately 2% of the total mangrove area is lost 
every year (Valiela et al., 2001), resulting in the loss of mangrove species and subsequent 
potential change or loss of ecosystem functions (Alongi, 2002; Chapin III et al., 2000; 
Polidoro et al., 2010). 
 
Ecosystem function and functioning 
Here, the terms ‘ecosystem function’ and ‘ecosystem functioning’ are defined in the context 
of this thesis, in order to explain the characteristics and consequences of their above 
mentioned potential loss. Ecosystem functions are physical or biological processes (Reiss et 
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al., 2009; Virginia and Wall, 2013); for example, sediment formation, which includes 
processes such as mineral weathering, sediment bioturbation and vegetation succession 
among others (Virginia and Wall, 2013). According to Reiss et al. (2009) ecosystem 
functioning is defined as the combined effects of the processes that sustain an ecosystem. 
This definition implies that an ecosystem has a specific pre-defined state which is the result 
of all currently operating ecosystem functions (Jax, 2005). If some processes cease to exist, 
ecosystem functioning would be disturbed and this pre-defined state would change. 
The term ‘ecosystem goods and services’ is often used in the context of ecosystem 
functioning. These are products or benefits resulting from ecosystem functioning that are 
valuable to humans (Hooper et al., 2005; Reiss et al., 2009). 
To demonstrate how these concepts apply to mangrove forests, the example of deforestation 
and its consequences on ecosystem processes and functioning are briefly considered. 
Deforestation can affect several ecosystem functions, for example primary production and 
sediment formation. This activity results in the degradation of root systems and sediment 
stability and, therefore, facilitates erosion (Mazda et al., 1997; Thampanya et al., 2006). 
Furthermore, deforestation leads to a lower rate of CO2 fixation and cleared peat sediments 
may release high amounts of CO2 (Bouillon, 2011; Lovelock et al., 2011). In cases where 
these ecosystem functions cannot be fulfilled, the functioning of the ecosystem may be 
affected. If ecosystem functioning is substantially disturbed and the forest cannot recover, 
ecosystem goods and services may no longer be provided, e.g. wood, fiber, flood regulation, 
climate regulation or carbon storage (Bosire et al., 2008). 
 
Crabs as ecosystem engineers and keystone species 
Ecosystem processes can be driven by abiotic or biotic factors. In the past, processes in 
mangrove ecosystems were explained mainly from an abiotic perspective; however, 
presently living organisms are considered to be major drivers in sediment formation 
dynamics and carbon degradation processes (Andreetta et al., 2014; Bertness, 1985; Botto 
and Iribarne, 2000; Kristensen, 2008; Kristensen et al., 2012; Lee, 1999; Meysman et al., 
2006; Nordhaus et al., 2006; Robertson and Daniel, 1989). Burrowing and/or leaf litter 
feeding crabs, followed later by herbivorous gastropods and insects, were the first organisms 
recognized as major drivers in these processes, influencing energy and nutrient cycling in 
mangrove forests (Cannicci et al., 2008). These crabs process leaf litter by feeding, 
digestion, defecation and transfer of energy and nutrients to deposit feeders, microorganisms 
or sediment (Nerot et al., 2009; Nordhaus and Wolff, 2007). Additionally, these crabs 
influence sediment formation by their bioturbation activity. The term bioturbation 
encompasses several sediment processes and was used inconsistently in the past, which led 
Chapter 1: General Introduction 
11 
 
Kristensen et al. (2012) to propose a common definition for the aquatic sciences. According 
to Kristensen et al. (2012), faunal bioturbation consists of all transport processes that directly 
and indirectly influence the sediment. This includes the reworking of sediment particles, 
burrow ventilation by animals and local solute transport around burrows (Kristensen et al., 
2012). 
Burrowing crabs were identified as ecosystem engineers because of their bioturbation 
activity (Jones et al., 1994; Kristensen, 2008). They are classified as allogenic ecosystem 
engineers, which “change the environment by transforming living or non-living materials from 
one physical state to another, via mechanical or other means” (Jones et al., 1994). In 
contrast, autogenic engineers such as trees and corals modulate the ecosystem though their 
own physical structure (Jones et al., 1994). 
Burrowing and leaf litter feeding crabs were further proposed to be keystone species 
(Schories et al., 2003; Smith III et al., 1991). Defined by Power et al. (1996), a keystone 
species has a disproportionately large effect on the ecosystem relative to its abundance. The 
definition of an ecosystem engineer relies on the qualities and abilities of the species itself, 
whereas the classification of a keystone species must also be considered in an ecosystem 
context. 
Smith III et al. (1991) described burrowing and leaf litter feeding sesarmid crabs from 
Australian mangroves as keystone species for three reasons: 1) In their own one year 
exclusion experiment they found that sediment characteristics, such as sulfide and 
ammonium concentrations, increased due to the absence of crab bioturbation activity and 
consequently tree growth decreased. 2) Studies in the same region revealed a high impact of 
sesarmid crabs on carbon cycling, because these crabs retain leaf litter which would 
otherwise be washed away by the tide (Robertson and Daniel, 1989; Robertson, 1986). 3) A 
high impact of sesarmid crabs on the structure of mangrove forests by seed predation was 
also found (Smith III, 1987a). Based on these findings, Smith III et al. (1991) concluded that 
sesarmid crabs are keystone species and influence the ecosystem functioning of Australian 
mangrove forests. The authors further suggested that, in order to generalize their findings, 
crab species in other mangrove forests should be investigated. Schories et al. (2003) found 
an influence of crabs on carbon cycling by retention and processing of leaf litter. Their study 
was conducted in a Brazilian mangrove forest using the mangrove crab Ucides cordatus 
(Linnaeus 1763, Brachyura, Ucididae). The authors found that U. cordatus processes more 
than 80% of litter fall and propagule production; thus, its impact is comparable to, or even 
higher than, the leaf litter feeding sesarmid crabs from Australia (Nordhaus et al., 2006; 
Robertson and Daniel, 1989; Schories et al., 2003; Smith III et al., 1991). However, Schories 
et al. (2003) did not evaluate the impact of crab bioturbation activity on sediment 
characteristics. Although there are many studies from the Indo-West Pacific region and a 
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small number from the Atlantic-East Pacific region suggesting that bioturbation activity may 
be important for ecosystem functions, few studies (all from the Indo-West Pacific region) 
have investigated its importance for ecosystem functioning directly (Kristensen and Alongi, 
2006; Smith III et al., 1991). 
The aim of this PhD thesis is to continue the previous studies by investigating the impact of a 
burrowing and leaf litter feeding crab from the Atlantic-East Pacific region on sediment 
processes and to try to evaluate its effect on ecosystem functioning. 
In the following paragraph, the current knowledge regarding sediment processes influenced 
by crabs are briefly reviewed; more specific information, relevant to the respective 
experiments, is given in the corresponding chapters. 
 
Burrowing crabs 
According to Kristensen (2008), burrowing crabs can be broadly divided into two main groups 
based on their engineering characteristics and resulting effects on mangrove ecosystems. 
The first group consists of (large) leaf litter feeders. This group can construct burrows up to 
2 m deep (Schories et al., 2003; Stieglitz et al., 2000; Thongtham and Kristensen, 2003); 
however, they are not exclusively burrow dwellers, and there are also arboreal species 
(Beever III et al., 1979). These crabs are able to feed on mangrove leaves (Schmitt, 2006), 
even though the leaves contain feeding deterrents such as tannins or lignin (Benner and 
Hodson, 1985; Dittmar and Lara, 2001a). Leaf litter feeders help to retain organic matter 
within the mangrove ecosystem; they feed on a large amount of leaves, which are then 
easier for detritus feeders or microbes to degrade after the digestion process (Lee, 1998, 
1997; Nerot et al., 2009; Nordhaus and Wolff, 2007; Nordhaus et al., 2006; Twilley et al., 
1997; Werry and Lee, 2005). 
The second group consists of (smaller) fiddler crabs. They are mainly burrow dwellers and 
their burrows are not as deep as those of the larger leaf litter feeders (Lim, 2006; Qureshi 
and Saher, 2012). In contrast to the previous group, they feed mainly on microalgae and 
bacteria, reducing biological activity in the (sub-) surface sediment (France, 1998; Kristensen 
and Alongi, 2006; Reinsel, 2004). 
Due to their different feeding habits, fiddler crabs deplete carbon in/on the sediment surface 
(Kristensen and Alongi, 2006), whereas burrowing leaf litter feeders facilitate carbon storage 
by processing and transporting leaves into their burrows (Andreetta et al., 2014; Mchenga et 
al., 2007; Nerot et al., 2009; Nordhaus et al., 2006; Robertson, 1986). 
However, the bioturbation activity, and hence burrows, of both groups have similar effects on 
sediment processes, despite the size differences between burrows (Kristensen, 2008). 
Bioturbation by crabs results in the mixing of less oxidized with more oxidized sediment, thus 
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shifting reduction potentials in the sediment to more oxidizing conditions (Araújo Jr. et al., 
2012; Bortolus and Iribarne, 1999; Botto and Iribarne, 1999; Gribsholt et al., 2003; Kostka et 
al., 2002; Morrisey et al., 1999; Nielsen et al., 2003). More oxidized sediment conditions 
further evolve from the construction of burrows, which increase the sediment surface area in 
contact with atmospheric oxygen (Katz, 1980; Kristensen, 2008, 2000). More oxidizing 
conditions at the burrow wall facilitate oxidation of organic matter and, hence, carbon 
depletion (Andreetta et al., 2014). Further, burrow structures, as shown for U-shaped or 
multiple-looped burrows, enable water flow which increases the exchange efficiency of 
solutes from the burrow wall sediment into tidal water and vice versa (Heron and Ridd, 2008, 
2003, 2001; Ridd, 1996). 
Studies on the effects of bioturbation activity, including burrows, on sediment processes have 
not been representatively investigated and are biased towards fiddler crabs and crab species 
from the Indo-West Pacific region. For example, studies of the reduction potential around 
crab burrow walls have mainly focused on fiddler crab burrows from the Indo-West Pacific 
region (Gribsholt et al., 2003; Nielsen et al., 2003). Furthermore, water flow through burrows 
has mainly been studied in U-shaped or multiple-looped burrows from Australia (Heron and 
Ridd, 2008, 2003, 2001; Ridd, 1996); thus, the mechanism underlying water flow through 
burrows with one opening under natural conditions is rather unclear (Xin et al., 2009). 
 
Objectives 
The aim of this thesis is to investigate the influence of burrowing and leaf litter feeding crabs 
on sediment processes in Brazilian mangrove forests. Using U. cordatus as a model study 
organism, the study focused primarily on bioturbation activity and, to a lesser extent, leaf 
litter processing. Based on the findings of this thesis, the importance of U. cordatus for these 
ecosystem processes and functioning of the Brazilian mangrove forest is evaluated. 
Additionally, the results from the Atlantic-East Pacific and Indo-West Pacific regions are 
compared and a generalization of the findings on the importance of burrowing and leaf litter 
feeding crabs for ecosystem processes and functioning is attempted. Thus, the working 
hypothesis of this thesis is that burrowing and leaf litter feeding crabs, using U. cordatus as a 
model organism, significantly influence sediment processes and thereby sustain the 
ecosystem functioning of mangrove forests. 
To investigate bioturbation effects on sediment characteristics in detail, chapters 3 and 4 
focus on single sediment processes. In chapter 5, the effects of bioturbation and leaf litter 
processing by crabs were studied under natural conditions to evaluate their importance for 
ecosystem functioning. 
The objectives of this PhD thesis are 
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1. to study the influence of artificial burrows with one opening on salt release from the 
sediment (Fig. 1 A, chapter 3) and a possible positive effect of desalting on seedling 
growth. 
To answer this question, a greenhouse microcosm experiment with Rhizophora 
mangle seedlings, which accumulate salt around their roots during water uptake, was 
conducted over six months. Regular tidal inundations were simulated and artificial 
burrows with one opening were constructed in half of the plant containers. The half 
without burrows represented the control. Sediment salinities in the plant containers 
were monitored over time. It was hypothesized that artificial burrows facilitate salt 
removal from the sediment leading to an increased seedling growth. 
In addition, field data for sediment salinity in rooted and non-rooted gap areas 
(between trees) were measured in a R. mangle forest and related to the burrow 
density in those areas to determine if areas with high burrow density coincide with 
areas with low sediment salinity. 
2. to study the influence of crab bioturbation activity on CO2 release from burrows and 
the reduction potential in the sediment around burrows as one factor influencing CO2 
release (Fig. 1 B, chapter 4). 
A field study was conducted investigating U. cordatus burrows. The CO2 efflux rates 
of burrows and the reduction potential at several depths and horizontal distances from 
the burrow wall were measured; both parameters were compared with measurements 
from non-bioturbated sediment. Additionally, respiration rates of adult U. cordatus 
were recorded in the laboratory to estimate the crabs’ contribution to burrow CO2 
efflux rates. Finally, CO2 efflux rates of sediment with different burrow densities were 
estimated in the North Brazilian mangrove forest. It was hypothesized that 
U. cordatus burrows increase CO2 release from the sediment and that the burrow 
walls display more oxidized conditions compared to non-bioturbated sediment.  
3. to study the bioturbation and leaf litter processing effect of U. cordatus on sediment 
characteristics and possible secondary effects evolving from changes in sediment 
characteristics (Fig. 1 C, chapter 5). 
A crab removal experiment with three treatments was conducted in a R. mangle 
forest over one year. The first treatment was the crab removal, where crab burrow 
density was reduced; the second treatment was the disturbance control, where crab 
catching was simulated to test for the effects of this technique on the measured 
parameters; and the third treatment was the control. Monitored parameters were 
sediment salinity, organic matter content of the sediment, CO2 efflux rate of the 
surface sediment and reduction potential of the sediment. Additionally, possible 
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secondary effects of the above-mentioned parameters on stipule fall rate (as an 
indirect indicator of tree growth) and macrobenthic community composition and 
density were measured. Changes from the current ecosystem state (evaluated by the 
secondary effects) are defined as disturbance of ecosystem functioning. This 
experiment allowed evaluating the importance of U. cordatus for the ecosystem 
functioning in terms of the measured parameters. It was hypothesized that crab 
removal reduces the bioturbation effect on sediment and leaf litter retention and 
processing by crabs. This reduction in crab activity was assumed to have a negative 
effect on the sediment characteristics by increasing the salinity, decreasing the 
organic matter content, decreasing CO2 efflux rates at the surface sediment and 
decreasing reduction potential. Changes in sediment characteristics may further 
influence secondary effects subsequently influencing ecosystem functioning by 
altering the macrobenthic community composition, decreasing the macrobenthic 
density and decreasing the stipule fall rate. 
 
The main findings of these studies are summarized in the thesis synopsis and the 
importance of U. cordatus and other burrowing and leaf litter feeding crabs for mangrove 
ecosystem processes and functioning are evaluated. 
 
 
__________________________________________________________________________ 
Fig. 1: Schematic drawing of the experimental outline of this thesis. Part A describes a 
possible release of accumulated salt around roots (due to transpiration activity of R. mangle 
trees) facilitated by single opening burrows. The experiment was conducted in a microcosm 
setting with artificial burrows and R. mangle seedlings. Part B describes the second field 
study, during which CO2 release from burrows (including crab respiration) and mangrove 
surface sediment was measured. The reduction potential, one parameter influencing CO2 
release, was measured in burrow walls and in sediment without burrows. Part C focuses on 
the effect of bioturbation and leaf litter processing by crabs on sediment processes and 
ecosystem functioning. Crab burrow density was reduced by removing crabs from 
experimental plots. Changes in sediment characteristics (sediment salinity, organic matter 
content, CO2 release from the surface sediment and reduction potential) were recorded. 
Potential secondary effects resulting from changes in sediment characteristics were 
measured, specifically the stipule fall rate (as an indicator of tree growth) and macrobenthic 
community composition and density. 
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Chapter 2: Environmental settings 
 
In the following chapter the study area with its climatic conditions and the study organism, 
which was chosen exemplary for burrowing and leaf litter feeding crabs, are described. 
 
Study area 
The study was performed at the Caeté estuary, Pará state, North Brazil (Fig. 2 A). The study 
area is in the higher intertidal zone near the tidal channel Furo Grande (46°38’W 0°50’S) on 
the Ajuruteua peninsula, which forms the western bank of the Caeté river estuary (Fig. 2 B). 
The peninsula is covered by mangrove forest and part of one of the worldwide largest 
continuous mangrove belts with an area of 7591 km2 covering the state Pará and Maranhaõ 
and constitutes 56.6% of the Brazilian mangroves (Souza Filho, 2005). 
On the Ajuruteua peninsula 87% of the area is covered by mangrove forest. Small areas of 
the peninsula consist of salt flats, marshes, dune vegetation or non-inundated coastal forests 
(Krause et al. 2001, Fig. 2 B). The mangrove forest is dominated by the mangrove tree 
Rhizophora mangle L. 1753 (Rhizophoraceae). Avicennia germinans (L.) Stearn 1958 
(Acanthaceae) and Laguncularia racemosa (L.) C. F. Gaertn. 1805 (Combretaceae) also 
occur in lower densities (Krause et al., 2001). Maximum mangrove tree heights of 25 m, but 
also dwarf forms of R. mangle trees smaller than 1 m were recorded (Menezes et al., 2003). 
As study sites, only areas including exclusively R. mangle trees of a maximum height of 14 m 
were chosen. 
The Ajuruteua peninsula is a macrotidal system, which has semidiurnal tides with amplitudes 
of 3 to 5 m. The elevation of the intertidal mangrove plateau is high, thus, during the days 
around spring tides (at full and new moon) the forest is flooded at high tides, whereas during 
the days around neap tides (weaning and waxing moon) high tide levels are too low to flood 
the forest floor (Krause, 2010). 
 
Climate 
At the weather station in Tracuateua (50 km southwest from the study area) precipitation and 
temperature data were recorded over 29 years (1961-1990). For this time period annual 
mean temperatures and annual accumulated precipitation were 25.5°C and 2597 mm, 
respectively (INMET, 2014). Mean annual temperature recorded in Tracuateua over the 
years 2011 and 2012 was 26.1°C and total precipitation was 2621 mm in 2011 and 1552 mm 
in 2012. Rainfall was seasonal, with a wet season from January to August and a dry season 
(monthly precipitation < 100 mm) from September to December (INMET 2013, Fig. 3). 
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Fig. 2: Study area (46°38’W 0°50’S) in North Brazil (A) near the city of Bragança on the 
Ajuruteua peninsula (B). Study site is marked by a black dot and is situated at the tidal 
channel Furo Grande. 
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Fig. 3: Total monthly precipitation (mm) and temperature from January 2011 until September 
2013 from the weather station in Tracuateua (50 km southwest from the study site, 30 km 
from Bragança), Pará state, Brazil (INMET, 2013). Right grey box marks the time period of 
the microcosm experiment and white stars mark the months of the sediment salinity field data 
collection (chapter 3). Black stars mark sampling months for the burrow CO2 and reduction 
potential experiment (chapter 4). Left grey box marks the time period of the crab removal 
experiment (chapter 4). Weather data for 2013 are partly missing. 
 
 
Study organism 
Ucides cordatus (Linnaeus 1763, Brachyura, Ucididae) was the study organism used 
exemplary for burrowing and leaf litter feeding mangrove crabs. U. cordatus is a common 
semi-terrestrial crab and occurs in mangrove forests from southern Florida throughout the 
Antilles and from the northern coast of South America until Santa Catarina in Brazil (Tavares, 
2003). Maximum carapace width of around 10 cm were recorded (Diele et al., 2010; Tavares, 
2003). 
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Studies from the Ajuruteua peninsula in North Brazil considered this crab to be a keystone 
species because of its importance for the leaf litter retention (Schories et al., 2003). 
U. cordatus can process more than two thirds of the annual litter and propagule production, 
thereby reducing tidal nutrient and energy export (Nordhaus et al., 2006; Schories et al., 
2003). They prefer R. mangle leaves which contain slow degradable feeding deterrents like 
tannins and lignin (Benner and Hodson, 1985; Dittmar and Lara, 2001a). However, 
U. cordatus is able to digest these feeding deterrents (Schmitt, 2006) which may be an 
advantage over other leaf litter feeders (Nordhaus and Wolff, 2007). Crabs can assimilate 
leaves, which results in the production of finely fragmented feces, or carry them into their 
burrows (Nordhaus and Wolff, 2007; Nordhaus et al., 2009). Leaves in the burrow and 
produced feces can be mixed with the sediment and may lead to carbon accumulation in the 
sediment (Andreetta et al., 2014). 
Average densities of 1.7 ind. m-2 were reported for the Ajuruteua peninsula (Diele et al., 
2005). However, local densities of crabs can vary highly (Sandrini-Neto and Lana, 2012), for 
example higher burrow densities of 17 ind. m-2 were recorded around R. mangle stilt roots 
(Piou et al., 2009). 
Crabs prefer to build their burrows around stilt roots of R. mangle trees, because roots 
increase the stability of the burrows and provide shelter against predators (Piou et al., 2009). 
Roots of R. mangle can reach depths of 200 cm (Gill and Tomlinson, 1977), whereas the 
main bulk of especially living roots concentrate in the upper 50 cm (Tamooh et al., 2008). 
Burrows of adult U. cordatus have mostly one entrance and the burrow corridor initially 
descends with a slight slope and then bends vertically downwards up to 55-211 cm depths 
ending in a living cavity (Schories et al. 2003). Burrow depths therefore correspond to the 
possible root distribution in the sediment. Length of burrow corridors (vertical and horizontal 
part) at the study sites ranged from 73 to 219 cm with an average of 121.6 ± 31.8 cm 
(standard deviation, n = 30, see Appendix 1). Small juvenile U. cordatus (0.3-2.5 cm) can live 
in the inner burrow wall of adult U. cordatus burrows or in their burrow plug (Schmidt and 
Diele, 2009). Larger juvenile (1-3 cm) have been observed to construct shallower more 
complex burrows (Diele personal communication). 
Maintenance of burrows is after feeding one of the most frequently conducted activities by 
U. cordatus and includes for example the sediment transport from deeper sediment layers to 
the surface (Nordhaus et al., 2009). Additionally, burrow entrances are closed and rebuild 
regularly, thus, the position of the burrow opening may change over time (Piou et al., 2009). 
This implies that the sediment is intensely modified by the crabs’ bioturbation activity over the 
whole length of the burrow depth. 
A disease, called “Lethargic crab disease”, causes massive losses within populations in 
Brazil in the last years (Boeger et al., 2005) and makes it especially important to evaluate the 
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role of U. cordatus in its ecosystem, because the consequences of massive losses for the 
ecosystem are yet uncertain. However, this disease and the reduction in crab density has 
also dramatic consequences for the local community, because U. cordatus is a harvested 
species of (socio-) economic importance for the local community providing jobs and income 
(Glaser and Diele, 2004; Legat et al., 2006). 
Besides U. cordatus, also other burrowing crab species like Uca spp. (here especially 
U. rapax and U. vocator) are present in the intertidal mangrove forests (Diele et al., 2010) on 
the Ajuruteua peninsula. Burrow densities of Uca spp. at the study sites ranged from 28 to 
105 burrows m-2 with an average of 57 ± 17.5 burrows m-2 (standard deviation, n = 42, 
Appendix 2). Those burrows and the bioturbation activity of those crabs were not considered 
in the following studies. 
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Chapter 3: Desalting by artificial burrows1 
 
Artificial crab burrows facilitate desalting of rooted mangrove 
sediment in a microcosm study 
 
 
  
                                               
 
1 This chapter was submitted on the 23rd March 2014 to the journal “Estuarine Coastal and Shelf 
Science” with Dr. Inga Nordhaus, Dr. Karen Diele and Dr. Ulf Mehlig as coauthors. 
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Introduction 
Mangrove trees are usually exposed to saline tidal water. Therefore, most trees are able to 
exclude salt by specialized roots during water uptake or secret salt via salt glands (Ball, 
1988; Gill and Tomlinson, 1977). The drawback of excluding salt by roots is the accumulation 
of salt in the sediment surrounding these roots. Passioura et al. (1992) hypothesized that 
under poorly flushed conditions the accumulated salt around roots may reach concentrations 
limiting further water uptake. This may lead, in the worst case, to lethal conditions for the 
trees (Passioura et al., 1992). Moreover, mangrove sediments normally have a low 
permeability, due to a high content of clay or silt (Alongi et al., 1999; Holmer et al., 1999; 
Schwendenmann et al., 2006), resulting in low diffusion rates and thereby a slow removal of 
accumulated salt by groundwater flow (Hollins et al., 2000). 
Apart from merely diffusion-based processes, salt can be washed out by tidal pumping 
(Stieglitz et al., 2013; Wolanski and Gardiner, 1981) or tidal flushing of animal burrows 
(Heron and Ridd, 2008, 2003; Stieglitz et al., 2000). Tidal pumping, also called tidally driven 
pore or groundwater flow, is the infiltration of seawater into the sediment during flood tides 
and the discharge of groundwater during ebb tides (Colbert et al., 2008; Li et al., 2009; Susilo 
et al., 2005). During this process nutrients, dissolved organic carbon and salt enter and seep 
out of the sediment (Adame et al., 2010b; Akamatsu et al., 2009; Bouillon et al., 2007; 
Gleeson et al., 2013; Lara and Dittmar, 1999; Maher et al., 2013; Wolanski and Gardiner, 
1981). Tidal pumping can be enhanced by burrows (Gleeson et al., 2013; Mazda and Ikeda, 
2006; Stieglitz et al., 2013; Xin et al., 2009). Tidal flushing of burrows is the mixing of tidal 
water with the water inside the burrow, which can, in case of burrows with more than one 
opening, lead to a tidally driven water circulation through burrows (Heron and Ridd, 2001; 
Ridd, 1996; Stieglitz et al., 2013). 
Burrowing crabs are abundant in mangrove ecosystems (Cannicci et al., 2008; Lee, 1998) 
and their burrows increase the sediment surface area (Katz, 1980; Kristensen, 2008) where 
exchange processes with air or water take place (Kristensen, 2000). However, it is important 
to consider the burrow morphology for these processes as it affects especially tidal flushing. 
Different burrow morphologies are (i) burrows with one opening, (ii) U-shaped or multiple-
looped burrows with two openings and (iii) complex burrows with more than two openings 
(Heron and Ridd, 2008; Otani et al., 2010; Qureshi and Saher, 2012; Stieglitz et al., 2000; 
Thongtham and Kristensen, 2003). Of these types, the mechanism of tidal flushing in 
burrows with only one opening under natural conditions is not well understood, yet. In 
contrast, to date U-shaped and multiple-looped burrows are the most studied burrow types in 
terms of tidal flushing (Heron and Ridd, 2008, 2003, 2001; Ridd, 1996; Stieglitz et al., 2000). 
Tidal flushing of U-shaped and multiple-looped burrows can facilitate salt release from the 
sediment as it enhances salt diffusion from salt-enriched sediment pore water to lower 
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concentrated burrow water and parts of the salt can then be flushed out during the next flood 
tide (Heron and Ridd, 2008, 2003; Stieglitz et al., 2000). Susilo et al. (2005) estimated for the 
Australian mangrove forest that the rate of tidal flushing through U-shaped crab burrows 
(0.01-0.04 m3 m-2 day-1) was quantitatively similar to the rate of tidally driven groundwater 
flow (0.004-0.04 m3 m-2 day-1) indicating that this type of burrows significantly enhances the 
water flow through mangrove sediments. 
Previous mentioned studies originated mainly from the Indo-West Pacific region focusing on 
U-shaped or multiple-looped burrows from sesarmid crabs. However, in the Atlantic-East 
Pacific region ocypodid crabs, constructing mainly burrows with one opening, are the most 
abundant crabs. In Brazil, the abundant large mangrove crab Ucides cordatus (Ucididae) 
constructs burrows with mainly one opening to depths of 55-211 cm (Schories et al., 2003). 
Their average density is 1.7 ind. m-2 for a Rhizophora mangle L. (Rhizophoraceae) 
dominated forest in North Brazil, (Diele et al., 2005) and maximal carapace width of 10 cm 
were recorded (Tavares, 2003). U. cordatus prefers to build its burrows around stilt roots of 
R. mangle trees, probably because the roots increase sediment stability and provide shelter 
against predators (Piou et al., 2009). Roots of R. mangle can reach depths of 200 cm (Gill 
and Tomlinson, 1977), but the main bulk of living roots is concentrated in the upper sediment 
layer until 50 cm depth (Tamooh et al., 2008). U. cordatus burrows therefore extent over the 
whole depth range of the possible root distribution. Given that U. cordatus constructs its 
burrows preferably around R. mangle roots, and thus in the zone of salt accumulation 
(Passioura et al., 1992), it is an intriguing question whether tidal pumping or flushing of its 
burrows significantly remove excess salt, as the desalting of sediment may improve growth 
for plants. 
Our objective was to study the effect of artificial crab burrows with one opening on the 
desalting of the sediment and a possible positive effect of the desalting on seedling growth. 
Therefore, a greenhouse microcosm experiment with R. mangle seedlings was conducted 
and regular tidal inundations simulated. The salt release from sediment around the root 
system of R. mangle seedlings, involving treatments with and without artificial burrows, was 
estimated and seedling growth was recorded. We hypothesized that artificial burrows 
decrease salt accumulation resulting in lower sediment salinities, which promoted the growth 
of R. mangle seedlings. Further, field data for sediment salinities in rooted areas and non-
rooted gaps (between trees) were collected in a R. mangle forest. In both areas sediment 
salinities were related to burrow density to study if areas with high burrow densities present 
low sediment salinities. 
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Material and methods 
Study area 
The microcosm experiment was conducted in a greenhouse at the Campus of the Federal 
University of Pará (UFPa), Bragança, Pará state, North Brazil (Fig. 2). Field work was 
conducted in the Caeté estuary, approximately 30 km northwest of the city of Bragança, in an 
intertidal mangrove forest near the tidal channel Furo Grande (46°38’W 0°50’S,Fig. 2 B). The 
mangrove forest is dominated by R. mangle trees (Mehlig et al., 2010). Tides are semidiurnal 
and range between 3 and 5 m. Most of the Caeté mangrove forest, including the sampling 
site, is located in the high intertidal zone and is therefore not flooded during neap high tides. 
Mean annual temperature and precipitation for 2010-2012 recorded at the weather station of 
Tracuateua, 50 km from the study area, were 26.4°C and 2054 mm, respectively (INMET, 
2013). Rainfall was seasonal, with a wet season from January to August and a dry season 
(monthly precipitation < 100 mm) from September to December (INMET 2013). 
 
Microcosm – experimental setting 
Rooted R. mangle seedlings with 6 to 8 leaves were collected from a mangrove forest at the 
tidal channel Furo Grande in November 2012. To minimize damage to the root system, 
plants were excavated together with their original substrate. The root ball (around 25 cm in 
diameter and height) was transferred to a 10 l bucket for transport to the laboratory. In the 
greenhouse the seedlings were carefully replanted into perforated plant containers of 23 cm 
height, 40 cm diameter and with a perforation size of 3 cm. Brownish intertidal surface 
sediment excavated from a depth of up to 30 cm (collected at a neighboring channel close to 
Furo Grande) was added around the root ball. 
Plant containers were wrapped from the outside with a 0.5 cm thick felt layer and a 3 cm 
thick open cell foam sheet to prevent the sediment within the containers of being washed out 
through the perforations. Plant containers were placed into 60 x 60 cm open tanks (30 cm 
height). Each tank was connected to the main water reservoir over an adjustable water inlet, 
a spillway tube and an adjustable water outflow. With the height of the spillway tube, four 
different tidal inundation levels were regulated during the experiment (described below). 
During periods of tidal inundation, electrical centrifugal aquarium pumps slowly circulated 
natural seawater (collected at Furo Grande, salinity: 32) between the tanks and the water 
reservoir (Fig. 4). A timer regulated, when tanks were flooded. Tanks were shaded with 
perforated gauze (experimental design modified after Brabo 2004). 
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Fig. 4: Schematic drawing of one section of the experimental microcosm setting with (1) an 
experimental seedling in its container, placed into (2) a tank. Altogether there were 18 tanks. 
Tanks had (3) an adjustable water inlet, (4) a spillway tube and (5) an adjustable water 
outflow. (6) Water was pumped to the tanks with electrical centrifugal aquarium pumps from 
(7) a water reservoir filled with natural seawater (salinity: 32). 
 
 
Plants were acclimated for three months allowing them to recuperate roots. Within this time 
period plant containers were completely flooded (inundation level of 25 cm height) from 6 am 
to 6 pm (light phase) to wash the sediment from excessive salt and to prevent evaporation at 
the sediment surface. Water was released over night to let the sediment dry without the 
influence of the desiccation by the sun. 
To simulate spring and neap tides, tanks were flooded until a height of 25 cm and 5.5 cm 
above the tank floor, respectively. To better simulate natural flooding conditions, two 
intermediate tidal levels were implemented between spring and neap tide with water heights 
of 12 cm (intermediate level 1) and 18.5 cm (intermediate level 2). 
Water salinity, pH and temperature were daily measured (in the evenings) in the water 
reservoir with a WTW TetraCon 325 and a WTW Sentix 41 pH-electrode connected to a 
WTW portable meter (Multi 340i), respectively. Water pH ranged between 7.7 and 8.3 and 
was stabilized with a bicarbonate buffering system by adding marble stones to the water 
reservoir. Water temperature during the experiment varied between 26°C and 33°C. Prior to 
the first sampling, seawater (salinity: 32) was added to the water reservoir. During the 
experiment fresh water from the tap or seawater was added when salinity was higher or 
Chapter 3: Desalting by artificial burrows0F 
 28 
lower than 32, respectively. Seawater was also regularly (daily-weekly) added to the water 
reservoir when significant amounts of water had evaporated during the daytime and water 
level within the water reservoir had dropped below a critical point. The large size of the water 
reservoir (3000 l), the frequent addition of fresh sea- or tap water and the relatively short 
duration of the experiment (6 months) minimized the risk of nutrient depletion. 
 
Microcosm – sampling 
After three months of acclimation, plant containers (n = 18) were randomly assigned to one 
of the two treatments (burrow and control) to test the effect of artificial crab burrows on 
sediment salinity and R. mangle seedling growth. Artificial burrows, instead of true crab 
burrows, were used to allow standardization of burrow size and depth across all replicates. 
For the burrow treatment, four vertical holes (3.5 cm diameter, 20 cm depth) were cored into 
the substrate with a plastic tube. The four holes were regularly distributed in a circle around 
the seedlings at a distance of 10 cm from the stem. Holes had to be re-cored weekly to 
maintain their structure. No holes were cored in the sediment of the control treatment. 
Artificial burrow sizes did not represent explicitly U. cordatus burrows; instead the microcosm 
experiment aimed to study in principle the influence of burrows with one opening on the 
sediment salinity. 
Plant containers were flooded for 6 hours twice a day simulating high and low tide. To 
simulate natural tidal conditions one spring-neap tide cycle was set to last 14 days and 
included the following: 1) Intermediate level 1 for two days, 2) neap tide level for three days, 
3) intermediate level 1 for two days, 4) intermediate level 2 for two days, 5) spring tide level 
for 3 days and 6) intermediate level 2 for two days. 
The first sampling of the sediment salinity and the growth parameters was performed 
immediately before establishing the artificial burrows (20. February 2013). The 2nd sampling 
took place 14 days later. The 3rd until the last sampling (21. August 2013) were conducted 
every 28 days. 
Due to the high clay content in the sediment (Diele et al., 2005), no pore water extraction 
was possible for salinity determinations. Instead, the water-soluble salinity from a sediment-
water extract was measured as follows: Samples for the sediment salinity were taken with 
plastic tubes (diameter of 2.9 cm, 20 cm length). 5 g of sediment were extracted from each 
plant container in sediment depths of 5, 10, and 15 cm maintaining a distance of 10 cm from 
the stem of the seedling to minimize root damage. The minimum distance to the artificial 
burrows was 4 cm. Samples were stored below 0°C until further processing. The holes 
resulting from the sediment extraction were refilled with brownish intertidal sediment (same 
sediment as used for the replanting, but washed with seawater, salinity 32, to remove excess 
salt). Before the analysis, each sediment sample was homogenized and divided into two 
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parts. One portion was used to gravimetrically determine its water content through weight 
loss by drying at 104°C. 2 g of the second portion were mixed with 10 ml of distilled water 
and shaken for 24 h on a mechanical shaker (MA136, Marconi) to measure the sediment 
salinity of the extract with a WTW TetraCon 325 connected to a WTW portable meter 
(Multi 340i). The final sediment salinity was calculated based on the previously measured 
original water content and the sediment salinity of the extract (Steubing and Fangmeier, 
1992). 
To monitor seedling growth, the number of leaves and the length and width of each leaf were 
measured at each sampling date. At the first and last sampling dates the length of all 
branches of the seedling and its stem height were measured and summed up to total shoot 
length. 
Dry biomass increment of the different parts of the experimental seedlings (roots, 
stem/branches, leaves) could only be indirectly assessed because the dry biomass before 
the first sampling could not be determined without destroying the plants. Instead, to estimate 
the dry biomass at the beginning of the experiment, roots, stems/branches and leaves of 30 
additionally seedlings (6-8 leaves), collected at the same sampling site one week after the 
experimental plants, were separated and dried at 104°C until constant weight. Their stem 
height, leaf length and width were also measured. After the last sampling all experimental 
plants were carefully dug out and the dry mass of their roots, stem/branches and leaves 
determined as described above. Furthermore, leaves of all 18 experimental seedlings and of 
the 30 additional seedlings were scanned before the drying process and their area estimated 
with the program ImageJ (Version 1.32, Rasband, 1997-2013). 
 
Field sampling 
Sediment salinity data for rooted areas and non-rooted gaps between trees were measured 
to see if those areas coincide with high or low U. cordatus burrow densities. Sediment salinity 
in a high intertidal R. mangle forest at the Furo Grande was measured once at the beginning 
of the wet season in February 2013 and once at the end of the wet season in August 2013 
during daytime neap tides. Sediment cores were taken with a peat sampler (Eijkelkamp) of 
50 cm length and 6 cm diameter in seven sites within the study area. Sites were 
characterized by a mostly canopy free gap (minimum 5 m in diameter) surrounded by 
R. mangle trees with a high density of aerial roots. No aerial roots were present in the gaps, 
thus, it was assumed that living below ground root biomass was low. Distances between 
sites varied between 20 to 300 m. At each site, three replicate cores were randomly taken in 
the gaps (gap area) between individual trees. Another three cores were taken nearby in 
densely rooted sediments as indicated by the presence of aerial roots (rooted area). 
Sediment samples were taken from the core at 1, 5, 10, 20, 30, 40 and 50 cm depth and 
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stored in plastic vials at 0°C until processing. Samples were analyzed for sediment salinity as 
described above. 
At the same sites and time as the previous sampling of the sediment cores, U. cordatus 
burrows, considering both open and closed ones, were counted in an area of 1.5 m2, 
resulting in three replicates per site for each area type (gap and rooted area). U. cordatus 
burrows were recognized by their size, because Uca spp. crab burrows are smaller and have 
not as much excavated sediment in front of their openings. Closed, but inhabited U. cordatus 
burrows were recognized by freshly bioturbated sediment mounts. 
Besides U. cordatus, ocypodid fiddler crab (Uca spp.) are also abundant in Brazilian 
mangrove forests constructing shallower burrows than U. cordatus, but likewise with one 
opening (28-105 burrows m-2, Appendix 2). Because fiddler crabs feed on microphytobenthos 
and microheterotrophs (Bouillon et al., 2002; Dye and Lasiak, 1986; France, 1998; Miller, 
1961), they prefer areas with a less dense canopy. Therefore they are not as closely 
associated with roots as U. cordatus burrows, hence, those crabs were not considered 
further in this study. 
 
Statistical analyses 
All analyses were performed with the statistical programming environment R (R Core Team 
2012, version 2.15.2) with the packages “nlme” (Pinheiro et al., 2012) and “ggplot2” 
(Wickham, 2009). The protocol for data exploration and analysis of Zuur et al. (2009) and 
Zuur et al. (2010) were followed. Before the analysis data were checked for outliers and 
collinearity between explanatory variables. 
For the microcosm experiment differences in sediment salinity in plant container among 
treatments (burrow, control) and sediment depths over time and all corresponding interaction 
terms were analyzed with a linear mixed-effects (LME) model. A LME model was used, 
allowing the integration of the factor plant container as a random factor to account for 
repeated measurements (Pinheiro and Bates, 2000; Zuur et al., 2009, 2007). To find the 
optimal fixed terms, a backwards model selection was used based on the maximum 
likelihood ratio test. Model validity was checked by examination of diagnostic plots of residual 
versus fitted values or covariates. Independence was examined by plotting residuals versus 
time. The final model was presented with the restricted maximum likelihood estimation 
method. Final models are presented in the appendix. All following linear LME models were 
analyzed in the previously described way. 
Total shoot length of each plant from the first sampling was subtracted from the respective 
value from the last sampling and divided by the initial shoot length to estimate growth 
increment (%). Differences in growth increments between treatments were analyzed with a t-
test. 
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The area of individual leaves from the experimental and additionally collected seedlings was 
fitted against the product of the corresponding length and width values by a linear least-
squared regression. The regression parameters were used to calculate estimates of the total 
leaf area for each seedling from the length and width measurements of living leaves made at 
different sampling dates. A LME model was applied analyzing the differences of total leaf 
area among treatments over time and their corresponding interaction term. Values for total 
leaf area were log transformed, because residuals were heterogeneous distributed. The 
random part of the model allowed for heterogeneity among single plants. 
The total leaf area of the 18 experimental and the 30 additionally collected seedlings were 
fitted against the dry biomass of each plant part (roots, stem/branches, leaves) by a linear 
least-squared regression. The estimated dry biomass of each plant part of the experimental 
plants at the time of the first sampling was calculated with the regression parameters. To 
estimate biomass increment (%) of the experimental plants for root, stem and leaf dry matter 
over time, values of the first sampling were subtracted from the ones of the last sampling and 
then divided by the initial dry weight. Growth increment of each plant part was analyzed with 
a t-test for differences between treatments. 
The ratio between above ground (leaves and stem) and below ground dry biomass (roots) 
was calculated and analyzed with a LME model for differences between treatments and time 
(first and last sampling). 
For the field data a LME model was used to analyze differences in sediment salinity among 
area types (gap and rooted area), sediment depths, season (beginning and end of wet 
season) and all their interaction terms. The random part of the LME model allowed for 
heterogeneity among individual sediment cores and different sampling sites. A variance 
function was applied to account for variance heterogeneity between sediment depth levels 
(Pinheiro and Bates, 2000; Zuur et al., 2009). Differences in burrow density among area 
types, season and the respective interaction term were tested with a LME model. The 
random part of the model allowed for heterogeneity among sampling sites. All values are 
shown as mean ± standard error (se). 
 
Results 
Microcosm 
When analyzing the sediment salinity data of plant containers with and without artificial 
burrows, a stepwise backwards model selection using a likelihood ratio test indicated that the 
LME model with the three way interaction among sediment depth, treatment and time was 
not significantly better than a model without this interaction term 
(Likelihood Ratio/L. Ratio = 0.2, df = 1, p-value = 0.6, Table A3.1). A model with the 
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interaction term between treatment and time was significantly better compared with a model 
without this interaction term (L. Ratio = 20.9, df = 1, p-value < 0.001, Table A3.1). Comparing 
a model with and without the interaction term treatment and sediment depth was also 
significantly better (L. Ratio = 5.1, df = 1, p-value = 0.02, Table A3.1). In addition, the model 
with the interaction term between sediment depth and time was significantly better than a 
model without this term (L. Ratio = 6.1, df = 1, p-value = 0.01, Table A3.1) resulting in 
different depth-salinity curves for each sampling date (Fig. 5).The final model further 
indicates that pattern of sediment salinity over time differed between both treatments.  
 
 
 
Fig. 5: Mean sediment salinity (n = 9) inside the plant containers for three sediment depths 
(5, 10, and 15 cm) from the first sampling (21/02/2013) to the last sampling (21/08/2013). 
Treatments are indicated by different point and line types. Error bars represent the standard 
error (se). 
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Sediment salinity in both treatments increased. However, in plant containers without artificial 
burrows, salinity had a higher increase over time (e.g. from 34 to 40 at 10 cm sediment 
depth) compared with values for the burrow treatment which were lower from the 3rd 
sampling onwards (e.g. values varied between 34 and 35 at 10 cm sediment depth, Fig. 5). 
The growth increment for the total shoot length of seedlings was similar for both treatments 
(t-value = 0.5, df = 15, p-value = 0.6, 150.6 ± 12.1 %, n = 18). 
Comparing a model for the log transformed total leaf area data with the interaction term 
between treatment and time and a model without the interaction term indicated that the term 
was not significant (L. Ratio = 0.9, df = 1, p-value = 0.4, Table A3.2). A model with and 
without the main term treatment further resulted in a better model without the main term 
(L. Ratio = 0.9, df = 1, p-value = 0.3, Table A3.2). Only leaving the main term time in the 
model resulted in a significantly better model than without this term (L. Ratio = 395.2, df = 1, 
p-value < 0.001, Table A3.2). The final model indicates that log transformed total leaf area 
increased over time, but did not differ between plant containers with and without artificial crab 
burrows (Fig. 6). The leaf area of the experimental seedlings at each sampling date was 
calculated with the following regression equation considering the product of leaf length and 
width: 
 
𝐿𝑒𝑎𝑓 𝑎𝑟𝑒𝑎 = ((𝑙𝑒𝑎𝑓 𝑙𝑒𝑛𝑔𝑡ℎ × 𝑙𝑒𝑎𝑓 𝑤𝑖𝑑𝑡ℎ) −  0.3) ÷ 1.3, (𝑅2 = 0.95,𝑛 = 957). 
 
 
 
Fig. 6: Mean total leaf area (cm2, n = 9) from the first sampling (21/02/2013) to the last 
sampling (21/08/2013). Treatments are indicated by different point and line types. Error bars 
represent the standard error (se). 
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Table 1: a) Regression parameters for dry biomass (DB in g) of each plant part (roots, 
stem/branches, leaves) against total leaf area (TLA) of each plant listed with the 
corresponding R2 value and the sample size (n). The regression parameters were used to 
calculate the DB of each plant part for the first sampling referring to its TLA. b) Results of t-
tests (t-value, df - degree of freedom and p-value) for the growth increment of each plant part 
between treatments (burrow, control). c) Growth increments averaged over all plants for each 
plant part and presented by mean ± standard error (se) and n. Mean dry biomass ± se and n 
for each plant part for (d) the first and (e) the last sampling. 
*Original regression resulted in negative DB values for the first sampling. Therefore, the 
regression line was forced through the origin. 
a)  Regression parameter  R2 n 
   Roots DB = -0.51 + TLA x 0.01  0.91 48 
   Stem/branches DB = 3.86 + TLA x 0.02  0.88 48 
   *Leaves DB = 0 + TLA x 0.02  0.99 48 
       
b) Plant part t-value df p-value 
  roots 1.9 13 0.07 
  stem/branches -0.4 12 0.72 
  leaves -0.2 16 0.84 
        
c) Growth increment (%)       
  Plant part mean se n 
  roots 347.1 32.8 18 
  stem/branches 115.0 12.6 18 
  leaves 255.4 18.8 18 
       
d) Dry weight (g) for the 1. sampling   
  Plant part mean se n 
  roots 1.5 0.1 18 
  stem/branches 7.6 0.3 18 
  leaves 2.5 0.2 18 
       
e) Dry weight (g) for the 8. sampling     
  Plant part mean se n 
  roots 6.4 0.6 18 
  stem/branches 16.7 1.4 18 
  leaves 8.8 0.7 18 
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To estimate the initial dry biomass data for roots, stem/branches and leaves of the 
experimental seedlings, the regression parameters from Table 1 a) were used. Growth 
increments of roots, stem/branches and leaves did not differ significantly between treatments 
(Table 1 b, c). Mean dry biomass of plant parts for the first and last sampling are shown in 
Table 1 d) and e). 
The model for the ratio between above and below ground biomass with the interaction 
between treatment and time was not significantly better than the model without the 
interaction term (L. Ratio = 3.7, df = 1, p-value = 0.054, Table A3.3). The main term 
treatment was also not significant (L. Ratio = 0.0002, df = 1, p-value = 1, Table A3.3). 
However, a model with the main term time was significantly better compared with a model 
without this term (L. Ratio = 27.4, df = 1, p-value < 0.001, Table A3.3) indicating that the ratio 
between above and below ground biomass decreased over time. When pooling the data of 
plants from both treatments, a decrease in the ratio from 6.8 ± 0.2 in the first sampling to 
4.5 ± 0.3 in the last sampling was observed. 
 
Field experiment 
When analyzing a LME model for sediment salinity with and without the three way interaction 
term among area type (rooted and gap areas), sediment depth and season, the model with 
the interaction term was significantly better (L. Ratio = 32.1, df = 1, p-value < 0.001, Table 
A3.4). The interaction resulted in different shapes of the depth-salinity curve for gap and 
rooted areas and for different sampling dates (Fig. 7). At the beginning and at the end of the 
wet season, sediment salinity was generally higher in rooted areas compared with gap areas. 
However, at the beginning of the wet season, sediment salinities of rooted and gap areas 
were similar for 1 and 5 cm sediment depths. Sediment salinities increased with sediment 
depths and from 10 cm depth onwards they were higher in rooted areas (Fig. 7). 
Comparing a LME model for crab burrow density with and without the interaction between 
area type and season did not result in a better model when including the interaction term 
(L. Ratio = 0.001, df = 1, p-value = 1, Table A3.5). Also including the main term season into 
the model, did not yield a better model (L. Ratio = 1.8, df = 1, p-value = 0.2, Table A3.5). 
However, taking into account the main term area type resulted in a significantly better model 
(L. Ratio = 75.4, df = 1, p-value < 0.001, Table A3.5). Thus, crab burrow density (pooled over 
both seasons) was higher in rooted areas with 11.9 ± 0.5 burrows m-2 (n = 42) than in gaps 
with 4.0 ± 0.6 burrows m-2 (n = 42). 
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Fig. 7: Mean sediment salinity plotted against sediment depth (1, 5, 10, 20, 30, 40 and 
50 cm) in gaps and rooted areas for the beginning and end of the wet season (n = 21). Error 
bars represent the standard error (se). 
 
 
Discussion 
Microcosm experiment 
Artificial crab burrows facilitated the release of accumulated salt from the sediment under 
controlled microcosm conditions. Sediment salinity increased over time in both treatments, 
with and without artificial burrows, in all three depths. However, the increase was significantly 
stronger in the control than in the burrow treatment. Sediment salinity decreased with 
increasing sediment depth, most likely because salt was accumulated not only around the 
roots of the mangrove seedlings, but also near the sediment surface due to evaporation 
during time intervals without flooding. 
Possible mechanisms leading to the desalting of sediment are tidal pumping or flushing. 
First, tidal pumping is considered. Xin et al. (2009) simulated the influence of Uca arcuata 
burrows with one opening on the pore or groundwater flow through sediments of salt 
marshes: During flood tide water dwelled up into burrows and during ebb tide water from 
higher sediment layers drained through burrows. The authors suggested that these 
processes improved the pore or groundwater flow and increased the solute exchange 
between the sediment and tidal water. Thus, tidal pumping enhanced by burrows may 
facilitate additional salt export out of the sediment to creeks. Our microcosm experiment 
provides first evidence supporting the findings of Xin et al. (2009) that crab burrows with one 
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opening can enhance tidal pumping and facilitate desalting of sediment. The other possible 
desalting mechanism is tidal flushing. Xin et al. (2009) further observed in their simulation a 
short water mixing of overlying tidal water with burrow water during flood tides, which can be 
identified as tidal flushing. Apart from the previous study, tidal flushing was mainly 
investigated for U-shaped or multiple-looped burrows. In this type of burrows the 
topographical slope of the sediment can create a pressure difference between the two or 
more openings. Thus, when the incoming tide arrives and enters first at one opening a water 
flow can evolve between the former and the remaining openings (Heron and Ridd, 2008, 
2001; Ridd, 1996). This described process cannot explain our findings, because artificial 
burrows had only one opening. However, the water mixing of overlying tidal and burrow 
water may have occurred in artificial burrows of the presented microcosm experiment. Thus, 
a combination of tidal pumping and flushing may have led to the desalting of sediment. Since 
most of the mentioned studies depended on computational simulations, more studies should 
be conducted in the field. Some factors to consider in future studies to identify the 
importance of these mechanism under natural conditions are 1) the structure and depth of a 
burrow which may influence the amount and velocity of water flow (Heron and Ridd, 2008, 
2001; Ridd, 1996), 2) the difference in water density between surface and burrow water, 
which influences the mixing efficiency between those two water bodies (Heron and Ridd, 
2003) and 3) active irrigation by inhabitants of burrows which may enhance mixing of tidal 
with burrow water (Heron and Ridd, 2008). One other aspect to consider is whether burrow 
entrances are closed or open. In the microcosm experiment the artificial burrows were 
always open, which is not the case under natural conditions as for example U. cordatus can 
close its burrows (Nordhaus et al., 2009). A Brazilian study conducted in a high intertidal 
R. mangle forest close to our study site estimated the proportion of closed and opened 
burrows and found that 13.6-15.4% of U. cordatus burrows were closed at spring and neap 
ebb tides (Korting, 2012). Tidal flushing does not occur in closed burrows, thus, the 
groundwater flow through the sediment may be the only option transporting salt out of the 
burrow water and the sediment surrounding burrows. 
In our microcosm experiment, seedling growth did not differ between treatments, although 
sediment salinities differed. Leaf area growth appeared to be higher for control plants 
(Fig. 6), but variance between seedlings was high and statistical results did not confirm this 
trend. Experiments testing the growth of Rhizophora seedlings under different salinity 
conditions showed that growth was generally enhanced at lower salinities (Biber, 2006; 
Hoppe-Speer et al., 2011; Krauss and Allen, 2003; Smith and Snedaker, 1995). The optimum 
growth range was found to be between a salinity of 8 and 18 (Biber, 2006; Hoppe-Speer et 
al., 2011; Krauss and Allen, 2003). Krauss & Allen (2003) studied the growth of R. mangle 
seedling in salinities of 2, 10, and 32. Although the relative growth rate (measured by total 
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biomass considering the initial propagule biomass) was significantly higher at a salinity of 10, 
other growth parameters (leaf area, seedling height) did not significantly differ between 
salinity levels. They concluded that seedling growth was rather unaffected by salinity 
compared for example with the light intensity, which influenced the growth parameters more 
strongly (Krauss and Allen, 2003). Experiments testing seedling growth in salinities of up to 
60 showed that seedlings can survive and grow in sediments with such high salinities. 
However, for salinities higher than the optimum growth range, growth rates significantly 
decreased and starting at a salinity of 45 even leaf necrosis (“burn marks”) appeared (Biber, 
2006; Hoppe-Speer et al., 2011). 
In our experiment, seedlings of both treatments were exposed to high salinities. The salinity 
range, including all sediment depths, was 31-46, thus, seedlings did not experience optimum 
growth conditions. However, necrosis of leaves did also not appear during the experiment, 
indicating that seedlings may have been limited in their growth, but did not suffer severe 
damages by the high salinities they were exposed to. 
Salinity differences between treatments were small compared with the range in which 
seedlings can potentially grow. For example at the last sampling in 10 cm sediment depth the 
salinity difference between treatments was approximately 4 (Fig. 5). Therefore, we assume 
that these salinity differences between treatments did not influence the seedling growth, 
because those plants can cope with much higher salinity differences. Moreover, above 
mentioned growth experiments found differences in growth due to different salinities within a 
time period of 3-9 months (Hoppe-Speer et al., 2011; Krauss and Allen, 2003; Smith and 
Snedaker, 1995). Thus, it seems unlikely that the time span of our experiment (6 months) 
was too short for growth differences to evolve, indicating again that the salinity difference 
may not have been pronounced enough to be relevant for plant growth. 
Although the experimental seedlings experienced similar water salinities and light intensities 
during the experiment, the increment in total shoot length, dry biomass of different plant parts 
and total leaf area strongly differed between individual seedlings within treatments. This may 
be due to genetic differences or internal reserves of the seedlings masking differences 
between treatments (Lin and Sternberg, 1992). Since the size of the propagule, from which 
the seedling developed, could not be determined until the end of the experiment, when plants 
were dug out, it was unclear how many internal reserves each seedling had on the onset of 
the experiment. 
The ratio between above and below ground dry biomass decreased over time, thus, the 
increase in root biomass was higher compared with the above ground biomass. The above to 
below ground biomass ratio of mature mangrove trees are lower than for seedlings 
(Komiyama et al., 2008), hence, the decrease of the ratio is a natural development. 
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Mangrove sediment salinity 
In the Caeté estuary, densely rooted sediment with distinctly elevated sediment salinities 
coincided with high U. cordatus burrow densities, whereas the salinity was lower in sediment 
with no or less roots and low densities of burrows. This is at first glance counter-intuitive to 
the hypothesis that burrows facilitate the removal of accumulated salt. However, salt 
accumulation by mangrove trees may mask the desalting effect of burrows, because a much 
larger quantity of salt may be accumulated in rooted sediment areas than can be removed by 
burrows resulting in a net increase in sediment salinity, despite the presence of burrows. Our 
data agree with those of Smith III (1987), who also measured higher salinities in rooted 
sediment (approx. 57.5) compared with sparsely rooted forest gaps in a high intertidal North 
Australian mangrove forest (approx. 55.2), but data on crab burrow density are not indicated 
in this study. 
Sediment salinity generally decreased from the first sampling at the beginning of the wet 
season until the second sampling at the end of the wet season for both area types, indicating 
that precipitation has an important role in regulating sediment salinities, as also seen in other 
studies (Marchand et al., 2004; Wolanski and Gardiner, 1981). Studies from the Ajuruteua 
peninsula showed that precipitation not only influences the sediment salinity, but also the 
growth and phenology of R. mangle trees (Mehlig, 2006; Menezes et al., 2003). Thus, in the 
same study area it was further observed that trees can grow higher in lower sediment 
salinities and salinities above 70 can lead to dwarf growth of trees (Lara and Cohen, 2006). 
In the field study at the beginning of the wet season, salt in the surface layer had already 
been washed away by rainfall, whereas salt accumulated during the previous dry season 
was still present in deeper sediment layers. At the second sampling in August sediment 
salinities were generally lower in deeper depths compared with the first sampling. Salt may 
have been washed out in the meantime by the rain over the sampled sediment depth range 
of 1 to 50 cm. 
While the sediment salinity at the first sampling date at 1 cm sediment depth was for both 
areas approximately 27, at the second sampling date the salinity in the gap area was still the 
same, whereas in the rooted area the salinity increased to 31. We speculate that in the gap 
area salt was still washed out of the sediment by precipitation while rooted areas were less 
affected by rain due to the canopy and salt could accumulate again due to the evaporation at 
the sediment surface and due to the transpiration activity of the trees. 
Another outcome that needs further consideration is the much larger difference in sediment 
salinity between the two areas in depths of 10-50 cm for the second sampling compared with 
the first. Since tidal pumping is the main force shifting salt stocks within the sediment, in the 
dry season salt may be moved into areas with lower sediment salinities. Thus, at the 
beginning of the wet season, areas without roots may have had high salinities which would 
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explain the more corresponding depth-salinity curves of both areas. More research is 
needed, especially under natural conditions, to better understand how water is mixed in 
burrows with only one opening and thereby affecting the desalting of sediment. This may 
help to better explain the observed differences in this study between both areas over time. 
However, studies under natural conditions are difficult to achieve, due to many confounding 
factors such as inherent sediment salinity, precipitation, evaporation and sediment 
characteristics (e.g. salt lenses or grain size). A possible method to indirectly estimate the 
influence of crab burrows on the salt release may be the exclusion of crabs from 
experimental plots and thereby a reduction of burrows. Further, because the precipitation 
was seen to influence the sediment salinity profoundly during wet season, repeating this 
study in the dry season could investigate, if in those months desalting by burrows may 
become more important without the influence of the rainfall. 
 
Conclusion 
This study is the first to show that artificial crab burrows with one opening facilitated salt 
release from rooted sediment in a microcosm experiment. However, the amount of salt 
released was not high enough to influence seedling growth. In contrast to the microcosm 
results, field data from a R. mangle mangrove forests showed that high sediment salinity 
found in rooted sediment was associated with high U. cordatus burrow density. Thus, salt 
removal by U. cordatus burrows with one opening may not result in a significant release of 
sediment salinity and the desalting effect by burrows may be masked by the salt 
accumulation of tree roots (Marchand et al., 2004) or by the frequent salt wash outs during 
heavy rainfalls in the wet season (Wolanski and Gardiner, 1981). It is unclear if desalting by 
burrows with one opening can enhance growth of trees in mangrove forests. 
A combination of tidal pumping and tidal flushing through burrows may enhance the desalting 
of the sediment. Hereby tidal pumping is of special importance when burrows are close. 
Future research should investigate the specific desalting mechanisms for burrows with one 
opening improving current knowledge about their influence on the desalting of sediment and, 
hence, the functional role of burrowing crabs. 
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Chapter 4: CO2 release by Ucides cordatus burrows 
 
CO2 efflux rate and reduction potential of Ucides cordatus burrows 
in a North Brazilian mangrove forest 
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Introduction 
In coastal ecosystems, semi-terrestrial burrowing crabs are important bioturbators which 
rework sediment particles by construction of burrows and maintenance of galleries. They 
further rework organic material by ingestion, defecation and sloppy feeding, which can 
become buried in the sediment (Kristensen et al., 2012; Kristensen, 2008, 2000). Therefore, 
the crabs’ bioturbation activity is discussed to affect the biogeochemistry of the sediment and 
carbon cycling of mangrove forests (Kristensen, 2008; Lee, 2008, 1998; Smith III et al., 1991; 
Smith et al., 2009). 
Bioturbation can affect the organic matter content of the sediment in two ways. On the one 
side, crabs accumulate carbon by feeding on leaves which otherwise would have been 
washed away by the tide (Emmerson and McGwynne, 1992; Nordhaus et al., 2006; 
Robertson and Daniel, 1989; Robertson, 1986; Schories et al., 2003; Twilley et al., 1997). 
Processed organic matter can then be transported into their burrows or mixed into the 
sediment. However, carbon storage only occurs when low reduction potentials and thereby 
low degradation conditions prevail in the sediment, which is the case for example in 
waterlogged sediment (Andreetta et al., 2014). On the other side, crabs may not only 
account for carbon storage, but also for carbon depletion in the sediment. Their burrows 
present an extension of the sediment surface area (Katz, 1980; Kristensen, 2008), thus, 
burrow walls can become oxidized by the atmospheric oxygen. Atmospheric oxygen enters 
only a few mm into the sediment (Kristensen, 2000; Michaels and Zieman, 2013; Revsbech 
et al., 1980), where oxic reduction can take place. However, crabs may mix more oxidized 
sediment with the surrounding less oxidized sediment improving reduction potentials not only 
a few mm around the burrow wall, but also further away from the burrow wall (Gribsholt et al., 
2003; Nielsen et al., 2003). This improvement in reduction potential at the burrow wall may 
lead to higher carbon oxidation rates (Kristensen, 2008; Kristensen et al., 2008a) resulting in 
higher CO2 efflux rates and consequently in a carbon loss in the sediment (Andreetta et al., 
2014). 
Only few studies investigated the CO2 efflux rate of burrows in combination with the reduction 
potential of sediment (Gribsholt et al., 2003; Kristensen et al., 2008b; Nielsen et al., 2003). 
Those studies showed that inhabited fiddler crab burrows increased the CO2 release from 
mangrove sediment approximately 2-5 times depending on the burrow density (Kristensen et 
al., 2008b; Nielsen et al., 2003). Kristensen et al. (2008b) observed that more than half of the 
CO2 released by burrows originated from the surrounding sediment and the rest from the 
crab itself inside the burrow. However, the processes producing CO2 in the sediment 
surrounding the burrow were not stated in that study. Other studies tried to characterize the 
sediment around burrows in more detail. They measured the reduction potential of burrow 
walls of fiddler crabs and found an approximately 1.5 cm thick oxidized zone, where iron 
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reduction replaced the usually predominant sulfate reduction (Gribsholt et al., 2003; Nielsen 
et al., 2003). This zone also presented the highest CO2 production rates, which decreased 
with increasing distance from the burrow wall indicating that the change in reduction potential 
and decomposition pathway influenced the amount of CO2 released by burrows (Gribsholt et 
al., 2003). 
To better evaluate the role of burrowing crabs in the carbon cycling, it is important to quantify 
the amount of carbon stored and the amount of CO2 released by crabs and their burrows. 
Bouillon et al. (2008) assumed that the CO2 released by burrows, animal respiration and 
pneumatophores is currently underestimated and may be an uncertain factor within the 
global carbon budget estimates of mangrove forests. Moreover, measuring the CO2 efflux 
rate in combination with the reduction potential from burrows can help to understand how 
changes in decomposition pathway at the burrow wall influence the CO2 release from 
burrows. No studies have been conducted on larger crab burrows investigating their CO2 
release or reduction potential within the burrow wall sediment. Studies to date focused on 
fiddler crabs. With the following study this gap of knowledge should be filled by estimating 
the CO2 efflux rate of burrows inhabited by the large semi-terrestrial crab Ucides cordatus 
(Ucididae) and characterizing the horizontal extent of the reduction potential from the burrow 
wall in a Brazilian mangrove forest. U. cordatus burrows dominate, besides smaller fiddler 
crab burrows, the topography of mangrove sediment in Brazil. Sediment cores taken in 
bioturbated and non-bioturbated sites in Brazil revealed that the bioturbation activity by 
U. cordatus oxidized the sediment (Araújo Jr. et al., 2012). However, the extension of the 
reduction potential in the burrow wall or the CO2 released by those burrows was not 
characterized in that study. 
Effects of bioturbation by U. cordatus were evaluated in this study (i) by quantifying the CO2 
efflux rate of individual burrows and (ii) by measuring the reduction potential in the sediment 
in radial profiles around burrow walls at different depths in a Rhizophora mangle forest in 
North Brazil. It is hypothesized that (i) sediment with burrows of U. cordatus have higher CO2 
efflux rates than sediment without burrows and (ii) burrow wall sediment presents more 
oxidized conditions than plain sediment at the same depth. 
 
Material and methods 
Study area 
The study area is located in the Caeté estuary, in North Brazil (Fig. 2, A). The study site is in 
the high intertidal zone near the tidal channel Furo Grande (46°38’W 0°50’S) on the 
Ajuruteua peninsula, which forms the western bank of the Caeté river estuary (Fig. 2, B). The 
region has semidiurnal tides with amplitudes of 3 to 5 m. The study site is flooded at spring 
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high tide twice a day, while during neap tides high tides, levels are too low to inundate the 
mangrove forest. The forest at the study site is dominated by the mangrove tree Rhizophora 
mangle L. (Rhizophoraceae). Other mangrove tree species (Avicennia germinans (L.) 
L. /Acanthaceae, Laguncularia racemosa (L.) C. F. Gaertn. /Combretaceae) occur nearby. 
Mean annual temperature for 2012 was 26.3 ± 1°C (mean ± standard deviation; INMET 
2013). Total precipitation recorded at the weather station in Tracuateua (50 km from the 
study area) was 1552 mm in 2012 (Fig. 8). Wet season is from January to August and dry 
season (monthly precipitation < 100 mm) from September to December (INMET, 2013). 
Surface water salinity of the tidal channel Furo Grande varied between 22 and 37 in the year 
2012 decreasing to 22 during the wet season (see chapter 5). 
 
 
 
Fig. 8: Total monthly precipitation (mm) in 2012 recorded by the weather station in 
Tracuateua (50 km southwest from the study site), Pará, Brazil (INMET, 2013). The stars 
mark the sampling months (rH and CO2 efflux rate of burrows and control sediment). The 
circle marks the only control sampling (rH and CO2 efflux rate), which was conducted two 
neap tide cycles later, but was linked to the burrow sampling in October. 
 
 
In the study area U. cordatus is the main large burrowing crab (max. carapace width 10 cm, 
Tavares 2003). An average density of 1.7 ind. m-2 was reported for the Ajuruteua peninsula 
(Diele et al., 2005). U. cordatus prefers to construct its burrow around the root system of 
R. mangle, because it increases sediment stability and provides shelter against predators 
(Piou et al., 2009). Burrows of adult crabs have mostly one entrance. The burrow corridor 
initially descends with a slight slope and then bends vertically downwards to 55-211 cm 
depth (Schories et al. 2003, Fig. 9). Burrow corridor lengths (vertical and horizontal part) at 
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the study site ranged from 73 to 219 cm with an average of 123 ± 32 cm (mean ± standard 
deviation, n = 30, Appendix 1). Besides U. cordatus burrows also Uca spp. burrows were 
present at the study site ranging from 28 to 105 burrows m-2 with an average of 
57 ± 18 burrows m-2 (mean ± standard deviation, n = 42, Appendix 2). However, those were 
not included into the measurements. 
 
CO2 efflux rates of individual burrows and plain sediment 
Measured burrows of U. cordatus (n = 86) were randomly chosen and included the following 
criteria: They had only few R. mangle stilt roots nearby, to avoid any influence by root 
respiration, and freshly excavated and blackish sediment had to be in front of their entrances 
indicating the presence of a crab. The diameter of the burrow entrances and the water level 
inside the burrows from the sediment surface until the water surface inside the burrow were 
recorded with a measuring tape. The area of the burrow wall exposed to air was estimated 
based on the entrance diameter and the water level. 
For the in situ CO2 efflux rate measurements of the burrows, a PVC collar of 20 cm diameter 
was positioned around the burrow entrance and slightly pushed several centimeters into the 
sediment. To avoid any influence of CO2, which elapsed during and after the installation of 
the collar, the measurements started after 1 h. An opaque respiration chamber connected to 
a CO2/H2O infrared gas analyzer (LI-8100A, LI-COR, Biosciences) was then placed on top of 
the PVC collar. Since the respiration chamber was opaque no CO2 was consumed through 
photosynthesis. The CO2 efflux was recorded over 2 min and the measurement was repeated 
five times. Between replicates the chamber was opened for 25 s to release accumulated 
CO2. Sediment temperature was measured outside the collar at 2 cm sediment depth by a 
thermocouple (OMEGA Engineering). Most probably these measurements included the 
respiration of the crab inside the burrow. Therefore the contribution of crab respiration to the 
CO2 efflux rate was determined additionally (see below). 
As control, the CO2 efflux rate of plain sediment (n = 96) was also measured without 
U. cordatus burrows and mostly without fiddler crab burrows. Fiddler crab burrows were 
avoided, but could not be excluded all the time, because of their high density. The same 
measurement protocol as for the sediment with burrows was followed, but with four 
replicates, because variance of measured values for plain sediment was smaller. 
Samplings were conducted in April, July, September and October 2012 around neap tides 
during daytime. For logistical reasons measurements of sediment with burrows and plain 
sediment were taken during two succeeding neap tide cycles. In October 2012, the control 
sampling was done two neap tide cycles later. 
The CO2 efflux rates were calculated according to LI-COR®Biosciences (2010) for a linear 
flux rate considering the surface sediment temperature and surface area inside the collar. In 
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the case of sediment with burrows, the surface area inside the collar also includes the burrow 
wall surface area inside the burrow. Further, the relation between burrow area and surface 
sediment area in the collar did not represent natural conditions. The burrow opening 
accounted for the main area inside the collar, whereas the plain sediment was only 
represented by a marginal stripe. Under natural conditions, the areal proportion of burrow to 
plain area is much lower (1.7 U. cordatus burrows per m-2, Diele et al., 2005). Therefore, 
calculated CO2 efflux rates for sediment with a burrow could not be statistically compared 
with rates from the plain sediment. 
To be able to compare the CO2 efflux rates of plain sediment to sediment with burrows with a 
specific burrow density, two steps were completed to transform the previously calculated 
values. First, the CO2 efflux rates of crab burrows without the marginal stripe of surface 
sediment needed to be estimated. Therefore, the monthly mean CO2 efflux rates of the plain 
sediment measurements were subtracted from the calculated CO2 efflux rate of the burrows. 
This was achieved to eliminate the CO2 efflux rate originating from the marginal stripe of the 
plain sediment inside the collar, considering the areal proportions of each term as following: 
 
𝐹𝑏 = (𝐹𝑠+𝑏  × 𝐴𝑡 −  𝐹𝑠  ×  𝐴𝑠) ÷  𝐴𝑏 . 
 
F is the CO2 efflux rate and A the area of plain sediment s, burrow b and total measured area 
t. The total measured area refers to the surface area within the PVC collar. Mean control CO2 
efflux rates of each month were used for Fs. From this calculation values for Fb (µmol m-2 s-1) 
were obtained. The unit of the values for Fb still relates to an area and not to one individual 
burrow. Therefore, in a second step these values were related to burrows with a specific 
entrance diameter to estimate the CO2 efflux rate of one individual burrow (µmol burrow-1 s-1). 
Entrance diameters of 5, 6 and 7 cm were used to represent the range found during 
samplings. Finally, the CO2 efflux rate of sediment with a specific burrow density could be 
estimated based on the CO2 efflux rate of plain sediment and the one of individual burrows. 
 
Respiration of U. cordatus 
Measuring the CO2 efflux rate of a burrow without its inhabitant was not feasible, because the 
removal of the crab would have strongly disturbed the sediment. To, nevertheless, estimate 
the proportion of the CO2 efflux rate contributed by crabs (and no other sediment processes), 
additional experiments were performed to obtain data on crab respiration. Adult male 
U. cordatus (n = 33) were caught nearby the study site and taken to the laboratory for 
measurements. The carapace width (cm) of each animal was measured and the wet weight 
(g) was calculated by the regression formula for male U. cordatus provided by Diele (2000): 
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𝑊𝑒𝑡 𝑤𝑒𝑖𝑔ℎ𝑡 = 0.4489 × 𝑐𝑎𝑟𝑎𝑝𝑎𝑐𝑒 𝑤𝑖𝑑𝑡ℎ2.9533. 
 
Crabs were placed in a PVC basin (20 cm diameter, 6 cm height) with the respiration 
chamber mounted on top. As crabs rest in air and water (Diele unpublished), measurements 
were performed with animals in a dry basin (1. treatment: respiration in air) and in a basin 
containing seawater (2. treatment: respiration in seawater, water level 4 cm, salinity 32). CO2 
released by each crab was measured five times for 10 min with breaks of 25 s in between to 
open the chamber and to release accumulated CO2. No prior acclimatization time was given 
to the animals. The five consecutive measurements presented a gradient of crab respiration 
from a least acclimated state until a more acclimated one. CO2 respiration rates of crabs 
(µmol CO2 kg-1 s-1) were calculated as described above, but considering wet weight instead 
of surface area in the calculation. 
In the next step the contribution of crab respiration to the CO2 efflux rate was estimated for 
individual burrows with a burrow entrance diameter (BED) of 5, 6 and 7 cm, which were 
calculated in the previous chapter (from the field measurements). Therefore, carapace width 
and wet mass of the crab inhabiting those burrows had to be determined. The carapace 
width was obtained with the least squared regression formula relating BED with carapace 
width using data collected by Piou et al. (2009): 
 
𝐶𝑎𝑟𝑎𝑝𝑎𝑐𝑒 𝑤𝑖𝑑𝑡ℎ = (𝐵𝐸𝐷 − 0.32) ÷ 0.97, (𝑅2 = 0.5,𝑛 = 310) 
 
The wet weight was then estimated from the calculated carapace width with the formula for 
male U. cordatus by Diele (2000) as indicated above. With the wet mass of crabs inhabiting 
burrows with the entrance size of 5, 6, and 7 cm the respiration rate of individual crabs 
(µmol CO2 crab-1 s-1, in air and in seawater) was calculated based on the first and the last 
observation of the five consecutive measurements. These two observations represent the 
worst (crab least acclimated, respiring in air) and the best case scenario (crab with the 
longest acclimatization time and respiring in water). 
 
Reduction potential measurements 
For selected burrows, previously used for the CO2 efflux rate determinations, redox potential 
(± 1.0 mV), pH (± 0.1) and temperature (± 0.1°C) were measured in excavated sediment at 
the surface and in the upper 2 cm of the burrow water with a Sartorius ORP (redox) 
combination electrode and a WTW Sentix 41 pH-electrode connected to a WTW portable 
meter (Multi 340i), respectively. The burrow water level varied inside the burrows. Therefore, 
measurements of burrow water did not always take place at the same sediment depth and 
thus, water levels were recorded. Parameters were also measured at the inner burrow wall 
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sediment (BWS) at vertical sediment depths of 1, 10, 30 and 50 cm. When the water level 
inside the burrow prevented to take measurements, water was removed with a small vial. 
Measuring sediment depths deeper than 50 cm was technically difficult and often hindered 
by rapid refilling of the burrow with water. At each sediment depth, measurements were 
taken by inserting the electrodes perpendicularly to the burrow wall, obtaining subsequent 
readings at horizontal distances of 2, 5, 8 and 15 cm from the inner BWS (Fig. 9). 
 
 
 
 
Fig. 9: Vertical and horizontal sampling scheme of the sediment surrounding U. cordatus 
burrows for the rH measurements. Sediment excavated by crabs and deposited at burrow 
entrance was also sampled. 
 
 
For comparison, sediment cores were taken with a peat sampler (Eijkelkamp) of 50 cm 
length and 6 cm diameter (from here on referred to as control). Cores were taken at least 
15 cm away from burrows and stilt roots to sample areas where the influence of burrows and 
roots on the surrounding sediment was most likely low. Redox potential, pH and temperature 
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were measured within the sediment cores at 1, 10, 30 and 50 cm. As for the CO2 efflux rate 
measurements, BWS rH sampling and the corresponding control rH sampling were 
conducted in April, July, September and October within two succeeding neap tide cycles. In 
October 2012, the control sampling was done two neap tide cycles later. 
Redox potential, temperature and pH values of each measurement were used to calculate 
the rH values (Pöpel, 2000). Values are an indicator for the reduction force of a redox system 
and range between 0 (strongly reducing conditions) and 42 (strongly oxidizing conditions). 
 
Statistical analyses 
The statistical analyses were carried out following protocols for data exploration and analysis 
of Zuur et al. (2009) and Zuur et al. (2010) using the statistical programming environment R 
(R Core Team, 2012) with the “nlme” (Pinheiro et al., 2012) and the “ggplot2” (Wickham, 
2009) package. 
All data were checked for outliers (Cook distance) and these were, if necessary, removed. 
Further, correlations between explanatory variables (collinearity) were assessed by multiple 
pair-wise scatter plots (pair plots) and variance inflation factors (VIFs). 
Burrow entrance diameters and water levels were analyzed with a one way ANOVA for 
differences over time. When the trend over time was not linear, time was set as factor and a 
Tukey post-hoc test was applied. 
Gaussian linear mixed-effects (LME) models were used for the following analyses, because 
they can account for inner variation between sediment cores or burrows (Pinheiro and Bates, 
2000; Zuur et al., 2009, 2007). The CO2 efflux rates of burrows (Fb) were analyzed with a 
LME model to test for differences over time. The random intercept for the model allowed for 
heterogeneity among burrows. To find the optimal fixed terms, a backwards model selection 
was used based on the maximum likelihood ratio test (ML) and/or on the Akaike Information 
Criterion (AIC). Validity of the model was checked by examination of diagnostic plots from 
model residuals. Final models were checked for homogeneity between residuals versus fitted 
values and covariates. Independence was examined by plotting residuals versus time. The 
final model was generated and evaluated with the restricted maximum likelihood estimation 
(REML) and are presented in the appendix. All following LME models were analyzed in the 
previous described way. Estimated values from all statistical analyses are presented as 
mean ± standard error (se). 
The CO2 efflux rate of burrows (Fb), as mentioned before, cannot be used for a direct 
comparison with the control measurements, but to analyze for trends over time. Control CO2 
efflux rates were analyzed with a LME model to test for differences over time. The random 
part allowed for heterogeneity among sampling sites of plain sediment. 
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Respiration rates of crabs were also analyzed with a LME model to test for difference among 
treatments, observations and their respective interaction term. The random intercept 
accounted for heterogeneity among individual crabs. No function for the temporal correlation 
structure was considered among repeated measurements of the same crab, because the aim 
was to detect those differences among repeated observations. 
The rH values of burrow water and excavated sediment were analyzed with a one way 
ANOVA for differences over time. The rH data for the inner BWS were analyzed with a LME 
model to test for differences among sediment depths, horizontal distances, time and their 
interaction terms. The random intercept accounted for heterogeneity among individual 
burrows. Control rH values were tested with a LME model for differences among sediment 
depths, time and their interaction term. The random term allowed for heterogeneity among 
sediment cores. 
Since general trends over time for the control rH data and the burrow rH data were already 
analyzed in the previous two LME models and to keep the following models simple, control 
and burrow rH data were analyzed separately for each month. Data sets of rH values from 
burrows and controls were analyzed in four LME models and separated by months to test for 
differences among horizontal sampling level, sediment depth and their interaction term. 
Hereby BWS values of 2 (BWS2), 5 (BWS5), 8 (BWS8) and 15 cm (BWS15) and the control 
(> 15 cm) represented five horizontal sampling levels. BWS values and the control value 
were set as categorical covariates, because it was unclear how large horizontal distances of 
the control cores were to the next burrow corridors (considering also below ground corridors). 
The random term allowed for heterogeneity among sampling locations (sediment core or 
burrow). 
 
Results 
CO2 efflux rates 
Burrow entrance diameters were similar over time (F-value = 3.3, df = 1, p-value = 0.07, 
Table 2 a). Water levels inside burrows changed over time (F-value = 9.9, df = 1, p-
value < 0.001) and were lowest in October (Tukey post-hoc: Oct. – Apr.: p-value < 0.001, 
Oct. – Jul.: p-value = 0.002, Oct. – Sep.: p-value < 0.001, Table 2 b). The mean burrow wall 
area exposed to air was 0.04 ± 0.02 m2 (mean ± standard deviation, n = 84) and ranged from 
0 (burrow was completely filled with water) to 0.1 m2. 
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Table 2: Mean ± standard error (se), sample size (n), minimum and maximum values are 
given for a) the burrow entrance diameter (BED in cm) and b) the water level (cm) inside the 
burrow measured from the sediment surface. Mean CO2 efflux rate ± se and n is presented 
for c) plain sediment (µmol m-2 s-1) and d) individual burrows (µmol burrow-1 s-1) with 5, 6 and 
7 cm entrance diameter. Mean rH values ± se and n are given for e) burrow water and d) 
excavated sediment. The table is divided into sampling months (April, July, September and 
October 2012). 
    2012 
   April July September October 
a) Burrow entrance           
  diameter cm 
  Mean ± se (n) 6.6 ± 0.3 (24) 5.9 ± 0.2 (24) 6.2 ± 0.1 (19) 5.8 ± 0.3 (11) 
  Minimum 4.1   3.4   5.3   4.6   
  Maximum 9.6   7.4   7.4   7.4   
            
b) Burrow water level                 
  from the surface  cm 
  Mean ± se (n) 16.2 ± 0.9 (24) 21.7 ± 2.9 (24) 18.3 ± 1.3 (19) 33.8 ± 2.2 (11) 
  Minimum 7   5   10   27   
  Maximum 26   50   29   50   
            
c) CO2 efflux rate                  
  of plain sediment  µmol m-2 s-1 
  Mean ± se (n) 0.7 ± 0.06 (88) 0.9 ± 0.06 (96) 1.3 ± 0.07 (93) 1.3 ± 0.06 (96) 
            
d) CO2 efflux rate of                  
  individual burrow with  µmol burrow-1 s-1 
  BED: 5 cm, mean ± se (n) 0.1 ± 0.01 (116) 0.2 ± 0.02 (119) 0.1 ± 0.01 (95) 0.1 ± 0.01 (55) 
  BED: 6 cm, mean ± se (n) 0.2 ± 0.01 (116) 0.3 ± 0.03 (119) 0.1 ± 0.01 (95) 0.2 ± 0.02 (55) 
  BED: 7 cm, mean ± se (n) 0.3 ± 0.02 (116) 0.4 ± 0.04 (119) 0.2 ± 0.01 (95) 0.2 ± 0.03 (55) 
            
e) Reduction potential                  
  of burrow water   
  Mean ± se (n) 16.2 ± 0.9 (22) 16.8 ± 0.5 (22) 18.0 ± 0.9 (16) 16.2 ± 0.7 (9) 
            
f) Reduction potential                  
  of excavated sediment     
  Mean ± se (n) 15.5 ± 0.7 (25) 16.1 ± 0.7 (24) 16.0 ± 0.7 (17) 17.5 ± 0.9 (12) 
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Table 3: Mean ± standard error (se), sample size (n), median, minimum, and maximum is 
given for a) the carapace width (cm), b) the wet weight (g), c) the respiration rate per mass 
(µmol CO2 kg-1 s-1) of U. cordatus and the respiration rate of individual crabs of a specific wet 
weight (WW) inhabiting burrows with 5, 6 and 7 cm burrow entrance diameter (BED) at d) the 
worst case (crab not acclimated, values calculated from observation 1 in c) and e) in the best 
case scenario (crab with longest acclimatization time, values calculated from observation 5 in 
c). The table is divided into two treatments, 1. crab in PVC basin in air and 2. crab in basin in 
seawater (water level: 4 cm, salinity 32). Differences in sample sizes occurred due technical 
difficulties. 
    Crab in air Crab in seawater 
a) Carapace width cm 
  Mean ± se (n) 7.3 ± 0.1  (14) 7.0 ± 0.1 (19) 
  Median 7.4   7.0   
  Minimum 6.5   6.2   
  Maximum 7.8   7.8   
        
b) Wet weight g 
  Mean ± se (n) 161.6 ± 6.3 (14) 144.5 ± 5.9 (19) 
  Median 162.4   141   
  Minimum 113   98.2   
  Maximum 193.5   193.5   
        
c) Crab respiration µmol CO2 kg-1 s-1 
  Mean ± se (n) of observation 1 2.3 ± 0.4 (13) 1.1 ± 0.2 (18) 
  Mean ± se (n) of observation 2 1.4 ± 0.2 (13) 0.9 ± 0.2 (17) 
  Mean ± se (n) of observation 3 1.1 ± 0.1 (13) 0.8 ± 0.1 (16) 
  Mean ± se (n) of observation 4 0.9 ± 0.1 (12) 0.7 ± 0.1 (15) 
  Mean ± se (n) of observation 5 0.9 ± 0.1 (12) 0.8 ± 0.1 (14) 
  Minimum of all observations (n) 0.4 (63) 0.04 (80) 
  Maximum of all observations (n) 4.1 (63) 2.4 (80) 
        
d) Crab respiration (worst case) µmol CO2 crab-1 s-1 
  BED: 5 cm, WW: 28 g, mean ± se (n) 0.11 ± 0.01 (13) 0.05 ± 0.01 (18) 
  BED: 6 cm, WW 55 g, mean ± se (n) 0.19 ± 0.03 (13) 0.09 ± 0.01 (18) 
  BED: 7 cm, WW 93 g, mean ± se (n) 0.30 ± 0.05 (13) 0.15 ± 0.02 (18) 
        
e) Crab respiration (best case) µmol CO2 crab-1 s-1 
  BED: 5 cm, WW: 28 g, mean ± se (n) 0.04 ± 0.004 (12) 0.04 ± 0.01 (14) 
  BED: 6 cm, WW 55 g, mean ± se (n) 0.07 ± 0.01 (12) 0.07 ± 0.01 (14) 
  BED: 7 cm, WW 93 g, mean ± se (n) 0.12 ± 0.01 (12) 0.11 ± 0.02 (14) 
 
 
Using a stepwise backwards model selection with the likelihood ratio test to test the CO2 
efflux rate data of burrows (Fb) for differences over time indicated that the model with the 
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main term time was not better than without the term (Likelihood Ratio/L. Ratio = 1.1, df = 1, 
p-value = 0.3, Table A3.6), thus measured values did not differ over time. In contrast, 
including the main term time in the LME model for the control CO2 efflux rate data was better 
than a model without the term (L. Ratio = 15.3, df = 1, p-value < 0.001, Table A3.7), resulting 
in increasing CO2 efflux rates over time (Table 2 c). Calculated CO2 efflux rates of individual 
burrows ranged from 0.1 µmol burrow-1 s-1 for burrows with a BED of 5 cm to 
0.4 µmol burrow-1 s-1 for burrows with a BED of 7 cm (Table 2 d). 
 
Respiration of U. cordatus 
Mean carapace width and derived wet weights of crabs are given in Table 3 a) and b), 
respectively. When comparing a LME model of the crab respiration data, testing for 
differences between treatment, observation and their interaction term, the model with the 
interaction term between treatment and observation was significantly better than a model 
without this term (L. Ratio = 22.2, df = 1, p-value < 0.001, Table A3.8). Crab respiration rates 
varied considerably, but decreased during the five consecutive measurements. Crabs 
respiring in seawater had the lowest respiration rates (Table 3 c). During the measurements, 
least acclimated crabs produced foam, whereas acclimated crabs stopped respiring for a few 
seconds until several minutes. Respiration rates of individual crabs of a specific wet weight, 
inhabiting burrows with entrance diameters of 5, 6 and 7 cm, are presented for the worst and 
best case scenario in Table 3 d) and e), respectively. 
 
Reduction potential 
The rH values of burrow water (F-value = 0.6, df = 1, p-value = 0.4, Table 2 e) and excavated 
sediment (F-value = 2.3, df = 1, p-value = 0.1, Table 2 f) did not differ over time. 
The LME model of BWS rH data with a three way interaction term, was not significantly better 
than a model without this term (L. Ratio = 4.4, df = 9, p-value = 0.9, Table A3.9). Further, 
testing models with and without the interaction term between horizontal depth and time 
(L. Ratio = 1.0, df = 3, p-value = 0.8, Table A3.9) and between sediment depth and time 
(L. Ratio = 3.2, df = 3, p-value = 0.4, Table A3.9) showed that including these terms did not 
result in a better model. When comparing a model with and without the interaction term 
between horizontal distance and sediment depth, the model with the interaction was 
marginally better than without the interaction (L. Ratio = 17.2, df = 9, p-value = 0.045, Table 
A3.9). However, comparing the AIC of both models showed that the model without the 
interaction term had a slightly lower and thereby better AIC (4388.4) than the model with the 
interaction term (4389.1). In addition, the model with the interaction term used nine more 
degree of freedom. Therefore, the simpler and better model using less degree of freedom 
2 r l   i  r t  rr  
Chapter 4: CO2 release by Ucides cordatus burrows 
 54 
was chosen. Comparing the model, where each main term was excluded once to the model 
containing all main terms showed that the model with all three main term was the best one 
(sediment depth: L. Ratio = 530.5, df = 1, p-value < 0.001; horizontal distance: 
L. Ratio = 19.3, df = 1, p-value < 0.001; time: L. Ratio = 20.5, df = 1, p-value < 0.001, Table 
A3.9). This indicates that rH values decreased with sediment depth and horizontal distance. 
Further, all rH values increased slightly over time (Fig. 10). 
 
 
Fig. 10: Mean sediment rH values ± standard error (se) plotted against sediment depth (cm) 
for every sampling month in the year 2012 (April: n = 308, July: n = 363, September: n = 282 
and October: n = 240). Different grey shades and symbols represent the different horizontal 
sampling distances from the burrow wall sediment (BWS, BWS2 = 2 cm, BWS5 = 5 cm, 
BWS8 = 8 cm, BWS15 = 15 cm and control > 15 cm). 
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The model of the control rH data with the interaction term between sediment depth and time 
was significantly better (L. Ratio = 129.6, df = 1, p-value < 0.001, Table A3.10) than the 
model without the interaction term. Control rH values decreased with sediment depth, but 
had different depth-rH curves over time (Fig. 10). 
In the next step BWS and control rH data were compared to each other separated by 
months. When comparing any of those four models including and excluding the interaction 
term between sediment depth and time, results showed that the interaction term significantly 
improved all four models (April: L. Ratio = 18.0, df = 4, p-value = 0.001, July: L. Ratio = 33.2, 
df = 4, p-value < 0.001, September: L. Ratio = 38.3, df = 4, p-value < 0.001, October: 
L. Ratio = 44.0, df = 4, p-value < 0.001, Table A3.11). This indicates that at every point of 
time rH values decreased with increasing sediment depth and depth-rH curves differed 
between horizontal sampling levels (Fig. 10). 
 
Discussion 
The crabs’ contribution to the CO2 efflux rate of individual burrows 
Measured CO2 efflux rates of individual burrows are composed of three elements: The 
respiration of the crab itself, which is described in this chapter, the CO2 released by the 
burrow wall sediment and the CO2 released by the water inside the burrow. The latter two are 
subject of the next chapter. 
Crabs were most likely not completely acclimated during the measurements in the laboratory, 
in particular, when crabs where without seawater in the PVC basin. Only few crabs appeared 
to acclimate during the 50 min of measurement and exhaled then four or fewer times in 
10 min (see also minimum values in Table 3 c). To date, apnoea events lasting several 
seconds to minutes have not yet been reported for U. cordatus, but for other terrestrial and 
aquatic decapod Crustacean (Burggren et al., 1985; Cumberlidge and Uglow, 1977). Apnoea 
events most probably occurred when crabs were most acclimated. The few crabs, which 
were encountered during field measurements (when respiration chamber opened between 
measurements), did not appear to be stressed by the respiration chamber, because they 
moved slowly and did not produce any foam, as they do when they are handled or otherwise 
stressed (Diele and Koch, 2010). Thus, respiration rates measured in the laboratory for the 
worst case scenario (crabs with no acclimatization time and respiration in air) were probably 
much higher than those measured in the field for crabs inside their burrows. Respiration 
rates for the best case scenario (crabs with longest acclimatization time and respiration in 
water) better represented crab respiration in the field. 
The crabs’ contribution to the CO2 efflux rates of individual burrows was 95-100% in the 
worst case and 35-55% in the best case scenario (Table 2, Table 3). 
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Other studies recorded respiration rates by an Uca sp. specimen (250 g wet weight, in air) of 
0.19 µmol CO2 crab-1 s-1 (Kristensen et al., 2008a) and respiration rates by a sesarmid crab 
(Neoepisarma versicolor, 250 g wet weight, in seawater) of 0.24 µmol CO2 crab-1 s-1 
(Thongtham and Kristensen, 2005). These values were similar to respiration rates of an 
acclimated U. cordatus specimen (250 g wet weight, in seawater) with 
0.20 ± 0.03 µmol CO2 crab-1 s-1. 
 
CO2 efflux rates of individual burrows 
CO2 efflux rates of individual U. cordatus burrows were at least 20 times higher (Table 2 d) 
than estimated rates from individual fiddler crab burrows (0.005 µmol burrow-1 s-1) measured 
in a Tanzanian mangrove forest (Kristensen et al., 2008b). CO2 efflux rates of U. cordatus 
burrows are probably higher, because crabs were larger and burrows were deeper and wider 
compared with Uca spp. and their burrows (average wet weight of Uca spp.: 3.2 g, 
0.002 µmol CO2 crab-1 s-1, average burrow entrance diameter not reported, Kristensen et al., 
2008b). 
As seen in this and other studies the BWS increases the surface sediment (Katz, 1980; 
Kristensen, 2008). Thus, a specific sediment area with burrows has more surface sediment, 
which can come in contact with atmospheric air, compared with the same sediment area 
without burrows. Oxidized sediment by atmospheric oxygen and mixing of this sediment with 
less oxidized sediment by crabs may lead to more oxidized sediment around burrow walls 
(Gribsholt et al., 2003; Nielsen et al., 2003). This may lead to higher carbon oxidation rates, 
assuming an available carbon source, and resulting in a higher CO2 release from sediment 
with burrows compared with sediment without burrows (Andreetta et al., 2014; Kristensen, 
2008; Kristensen et al., 2008a). 
In this study more oxidized conditions were found for the BWS and the surface of plain 
sediment (see below) for the last two samplings, which experienced less rain (Fig. 8). 
However, CO2 efflux rates only increased for plain sediment. Surface sediment of plain 
sediment became, as mentioned above, more oxidized by atmospheric oxygen and more 
carbon was oxidized leading most probably to higher CO2 efflux rates. Why CO2 efflux rates 
of individual burrows did not change over time is not clear. The reduction potential of BWS at 
30 and 50 cm sediment depth became more oxidized towards the end of the wet season, 
because rainfall decreased, but conditions at the upper BWS became more reduced 
(Fig. 10). These two conditions were maybe balanced out, so that no net increase occurred 
in CO2 released by individual burrows over time. 
The amount of CO2 released by sediment depends on the availability of organic carbon and 
its oxidation via sulfate, iron or other reduction pathways (Alongi et al., 1998; Alongi et al., 
2000; Kristensen et al., 2000). The organic matter content and mean cell numbers of bacteria 
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in the BWS of U. cordatus burrows were similar to those in the surface sediment (Nordhaus 
and Wolff, 2007). This fulfils the requirement to enable carbon oxidation in the BWS to a 
similar extent as at the surface sediment, but most probably still to a higher extent than in 
plain sediment at the same depth. CO2 released from burrows may not exclusively originate 
from carbon oxidation in the BWS, but also from other carbon stocks in deeper sediment 
layers which outgas via burrows (Kristensen et al., 2008a, 2008b). 
One uncertainty is the amount of CO2 released from the water inside the burrow. It is unclear 
how the bicarbonate system of the burrow water is constituted, in which way it reacts to 
increasing/decreasing CO2 concentrations and whether changing water levels inside the 
burrow increase or decrease the burrow water CO2 gas exchange. 
Another source of CO2 may be the root respiration, which is less investigated and was 
reported to be low for R. mangle trees (Lovelock et al., 2006). Although measurements were 
not done directly next to aerial roots, the below ground extension of roots were not estimated 
and root respiration may have contributed to the CO2 released by burrows and by surface 
sediment without burrows. The influence of root respiration should be considered for CO2 
efflux rates of U. cordatus burrows, because the crab prefers to build its burrows around the 
root system of R. mangle trees (Piou et al., 2009) and may act as direct conduct at this 
location releasing CO2 from root respiration. 
 
Comparison of CO2 efflux rates of individual burrows and plain sediment 
Mean CO2 efflux rates for plain sediment ranged from 0.7 to 1.3 µmol m-2 s-1 and were similar 
to other mangrove sediments (Kristensen et al., 2008; Leopold et al., 2013; Lovelock, 2008). 
Higher CO2 efflux rates of plain sediment for periods of low or no precipitation were also 
found by Alongi et al. (1999) and may also result from drier and thereby more oxidized 
sediment. 
The CO2 efflux rates of Brazilian mangrove sediment with U. cordatus burrows, but without 
fiddler crab burrows, were estimated from the results of this study based on a mean 
U. cordatus density of 1.7 ind. m-2 for the Ajuruteua peninsula (Diele et al., 2005) and 
11.9 ind. m-2 in areas with dense R. mangle stilt roots (chapter 3) (Table 4 a, b). Calculated 
estimates increased over time, because the CO2 efflux rates of plain sediment increased 
over time due to seasonality and not due to an increase in individual burrow CO2 efflux rates, 
which remained constant over time. These calculated values (Table 4 a, b) are 0.2-5 times 
higher than for plain sediment (Table 4 c, d). Crab burrows occupying 4.6% of the sediment 
per m-2 (assuming a density of 11.9 burrows m-2) can disproportionally increase the CO2 
efflux rate of plain sediment 1-5 times (Table 4 d). 
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Table 4: Mean CO2 efflux rates (µmol m-2 s-1) ± standard error (se) and sample size (n) of 
mangrove sediment with U. cordatus burrows of 5, 6 and 7 cm burrow entrance diameter 
(BED) and a mean burrow density of a) 1.7 ind. m-2 for an average density of the Ajuruteua 
peninsula (Diele et al., 2005) and b) 11.9 ind. m-2 in rooted R. mangle forests (chapter 3). 
Increase of CO2 efflux rates of sediment with burrows compared with plain sediment is 
presented in percentage for a burrow density of c) 1.7 ind. m-2 and d) 11.9 ind. m-2. The areal 
proportion (AP) of the openings of the crab burrows is given per m2 for a specific burrow 
density and a specific burrow entrance diameter (BED). The table is divided into sampling 
months (April, July, September and October 2012). 
    2012 
   April July September October 
a) Burrow density: 1.7 ind. m-2          
  CO2 efflux rate          
   of mangrove sediment  µmol m-2 s-1 
  BED: 5 cm,  mean ± se (n) 1.0 ± 0.02 (116) 1.2 ± 0.03 (119) 1.5 ± 0.01 (95) 1.5 ± 0.02 (55) 
  BED: 6 cm, mean ± se (n) 1.1 ± 0.02 (116) 1.3 ± 0.05 (119) 1.6 ± 0.02 (95) 1.6 ± 0.03 (55) 
  BED: 7 cm, mean ± se (n) 1.2 ± 0.03 (116) 1.5 ± 0.06 (119) 1.7 ± 0.02 (95) 1.7 ± 0.05 (55) 
            
b) Burrow density: 11.9 ind. m-2                 
  CO2 efflux rate of          
   mangrove sediment  µmol m-2 s-1 
  BED: 5 cm, mean ± se (n) 2.4 ± 0.12 (116) 3.2 ± 0.17 (119) 2.5 ± 0.08 (95) 2.7 ± 0.20 (55) 
  BED: 6 cm, mean ± se (n) 3.2 ± 0.17 (116) 4.2 ± 0.32 (119) 3.0 ± 0.12 (95) 3.4 ± 0.24 (55) 
  BED: 7 cm, mean ± se (n) 4.1 ± 0.23 (116) 5.4 ± 0.44 (119) 3.6 ± 0.16 (95) 4.1 ± 0.33 (55) 
            
c) Burrow density: 1.7 ind. m-2                 
  Increase of CO2 efflux          
  rate to plain sediment % 
  BED: 5 cm (AP: 0.3%) 43   33   15   15   
  BED: 6 cm (AP: 0.5%) 57   44   23   23   
  BED: 7 cm (AP: 0.7%) 71   67   31   31   
            
d) Burrow density: 11.9 ind. m-2                 
  Increase of CO2 efflux          
  rate to plain sediment % 
  BED: 5 cm (AP: 2.3%) 243   256   92   108   
  BED: 6 cm (AP: 3.4%) 357   367   131   162   
  BED: 7 cm (AP: 4.6%) 486   500   177   215   
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In other studies CO2 efflux rates of sediment with fiddler crab burrows were 2-5 times higher 
than for sediment without burrows (Kristensen et al., 2008b; Nielsen et al., 2003). Kristensen 
et al. (2008b) recorded in a Tanzanian mangrove forest CO2 efflux rates of sediment with 
Uca spp. burrows, but without obvious above ground roots. Rates ranged between 0.68 
µmol m-2 s-1 (68 ± 17 burrows m-2) and 1.38 µmol m-2 s-1 (237 ± 53 burrows m-2). Their 
estimates were similar to the ones of this study with 1.0 ± 0.02 until 1.7 ± 0.05 µmol m-2 s-1 
based on an U. cordatus density of 1.7 ind. m-2 (Table 4 a). Although CO2 efflux rates of 
individual fiddler crab burrows are much lower than the ones from U. cordatus, the burrow 
density of fiddler crabs at the Tanzanian study site was much higher (68-626 burrows m-2) 
than recorded burrow densities of U. cordatus in the Brazilian mangrove forest (Diele et al., 
2005; Schories et al., 2003). Thus, a high density of burrows at their study site compensated 
for a lower CO2 efflux rate of individual burrows compared with this study, which had a low 
burrow density, but high CO2 efflux rates of individual burrows. 
Kristensen et al. (2008b) further estimated the CO2 released by individual pneumatophores, 
which had an equivalent or higher efflux rate than sediment with burrows. Consequently, for 
a realistic model of CO2 released by Brazilian mangrove sediment, further studies should 
investigate the CO2 released over time of other abundant crabs and their burrows (e.g. Uca 
spp.). Also more data are needed of CO2 released by sediment for different forest types 
(Avicennia vs. Rhizophora stand), sediment types (silt vs. sand) and root systems 
(pneumatophores vs. stilt roots). All these variables need to be considered over the course of 
one year including different precipitation and temperature regimes. 
 
Reduction potential in sediment around U. cordatus burrows 
In April, BWS had the lowest rH values and more reducing conditions at 1 and 10 cm 
sediment depth compared with plain sediment. Increasing water levels inside the burrows 
and therefore waterlogging in the sediment due to the high precipitation rates may have led 
to anoxic conditions along the burrow wall. In addition, crabs usually excavated more 
material from deeper sediment layers during rainy periods (Nordhaus et al., 2009), which 
contributed to more reducing sediment conditions. 
From July onwards BWS rH and control rH values increased with decreasing precipitation 
rates (Fig. 8, Fig. 10). For 30 and 50 cm sediment depth BWS rH values presented more 
oxidizing conditions compared with plain sediment. Furthermore, the water level inside the 
burrow decreased over time (Table 2 b). While during wet season at low tides burrows were 
filled by rainwater, during dry season burrow water level sunk as deep as 50 cm, so that 
deeper sediment got in contact with atmospheric oxygen. This may indicate that rainwater 
stored in the sediment and leading to higher water level inside the burrows during the wet 
season was drained over time. Also rain shower, temporally filling up burrows, were less 
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frequent at the end of the wet season. The tidal influence on water levels in burrows may 
also be different over the course of one day and during the seasons. Thus, the BWS was 
most probably exposed to air for longer time periods at the end of the wet season, leading to 
more oxidized conditions for deeper sediment depths than compared with plain sediment at 
the same depths. However, reduction potential conditions for 1 and 10 cm depth at the BWS 
were lower compared to plain sediment. One reason could be that crabs were still lining the 
BWS with more reduced sediments from deeper depths, although that occurred less frequent 
than during the wet season (Nordhaus et al., 2009). 
It is not clear why rH values for 15 cm horizontal distance from the burrow wall did not 
approximate control values. However, an approximation may have been masked by the high 
variance of the rH values and in some cases rH values may have been influenced by nearby 
burrows or roots (Ferreira et al., 2010). 
For surface sediment and for BWS at 30 and 50 cm depth the reduction potential improved 
towards the end of the wet season. Based on previous studies, a shift from the usually 
predominant sulfate reduction (Ferreira et al., 2010; Kristensen et al., 1991) to iron reduction 
was expected, as seen for example in radial profiles of fiddler crab burrows in salt marshes 
(Botto et al., 2005; Gribsholt et al., 2003) and mangrove sediments (Nielsen et al., 2003). In 
bioturbated sediment by U. cordatus burrows (sediment cores not directly taken at burrow 
walls) also more iron reduction occurred compared to non-bioturbated areas, where sulfate 
reduction dominated (Araújo Jr. et al., 2012). The underlying mechanism of this shift was 
already described by several authors. Pyrite in the sediment is oxidized by the bioturbation 
activity of crabs and transformed into iron oxyhydroxides. Consequently, the sulfate 
reduction, which predominates in the non-bioturbated areas, is suppressed and iron 
reduction or even aerobic reduction can take place instead (Araújo Jr. et al., 2012; Ferreira et 
al., 2007; Ferreira et al., 2010; Gribsholt et al., 2003; Kostka et al., 2002; Kristensen and 
Alongi, 2006; Kristensen et al., 2000; Morrisey and DeWitt, 1999; Nielsen et al., 2003). 
Other factors facilitating the change of the reduction potential by bioturbation may be tidal 
flushing of burrows or groundwater flow through burrows. Various studies have shown that 
these factors improve solute transport from the BWS into the water (Heron and Ridd, 2008; 
Hollins et al., 2009; Stieglitz et al., 2013; Susilo et al., 2005; Xin et al., 2009). Larger and 
deeper U. cordatus burrows may improve solute exchange conditions between the BWS and 
tidal water, groundwater or atmospheric air resulting in a larger extent of more oxidized 
conditions in the BWS. The size of the burrows may be the reason why the horizontal 
distance of more oxidized sediment in U. cordatus burrows was larger, reaching up to 15 cm, 
than for Uca sp. burrows, which was recorded to reach 1-4 cm from the burrow wall into the 
surrounding sediment (Gribsholt et al., 2003; Nielsen et al., 2003). 
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Apart from bioturbation the reduction potential of the sediment is affected by different factors 
such as water logging, tree roots and forest stand age (Alongi et al., 2000, 1998; Gribsholt et 
al., 2003; Kristensen, 2008; Marchand et al., 2004; Nielsen et al., 2003). All these factors 
influence the type of carbon decomposition/oxidation (e.g. sulfate, iron, aerobic reduction) 
and thereby the amount of CO2 released from the sediment (Alongi et al., 1998; Alongi et al., 
2000; Kristensen et al., 2000). 
For the future, temporal or spatial patterns of the reduction potential around burrows should 
be studied considering sediment types, forest stands and tidal regimes influencing reduction 
potentials and thereby CO2 efflux rates. 
 
Conclusion 
This study provides first information on CO2 efflux rates of U. cordatus burrows and the 
reduction potential in sediment surrounding their burrows in a North Brazilian mangrove 
forest during neap tides. Sediment with burrows released more CO2 than sediment without 
burrows. The reduction potential may be, besides the availability of carbon, one factor 
influencing the CO2 efflux rate, because CO2 efflux rates increased with increasing rH values 
at the surface sediment and with decreasing precipitation rates. Changes of the reduction 
potential in burrows were observed to differ over time due to the bioturbation activity of the 
crabs, precipitation and water logging in the sediment. However, changes in reduction 
potential in the upper and lower part of the burrows possibly counteracted each other. Thus, 
the CO2 efflux rates of burrows did not change from the beginning until the end of the wet 
season. Respiration by U. cordatus contributed 35-55% to CO2 efflux rates. Additional 
studies should be conducted to test whether CO2 efflux rates of burrows differ in the dry 
season. 
This study indicates that CO2 efflux rates of burrows and crab respiration have to be taken 
into account for the global carbon budget of mangrove ecosystems. Measuring sediment 
without burrows may underestimate the potential CO2 released by mangrove sediments. 
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Chapter 5: Crab removal experiment 
 
Tree growth and macrobenthic community composition in a 
Brazilian mangrove forest are not influenced by a reduced 
bioturbation and leaf litter feeding activity of the semi-terrestrial 
crab Ucides cordatus 
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Introduction 
Burrowing crabs are ecosystem engineers and their importance for sediment processes, and 
thereby ecosystem functioning, have been discussed for many years (Andreetta et al., 2014; 
Kristensen, 2008; Penha-Lopes et al., 2009; Smith III et al., 1991). Exclusion or removal 
experiments are one method to evaluate the importance of burrowing crabs. In mangrove 
ecosystems, few exclusion experiments of fiddler crabs have been conducted. These studies 
showed that the bioturbation activity of crabs had a positive effect on the growth of smaller 
mangrove trees or saplings, because the sediment salinity decreased and the sediment 
became more oxidized (Kristensen and Alongi, 2006; Smith et al., 2009). In salt marshes, 
fiddler crab exclusion experiments further observed that the presence of fiddler crabs had a 
negative impact on meiofaunal density, because meiofauna competed with fiddler crabs for 
the same resources (Dye and Lasiak, 1986; Hoffman et al., 1984). Bioturbation by fiddler 
crabs also increased the sediment reduction potential to more oxidized conditions causing 
higher decomposition rates of organic matter in the upper sediment layer (Fanjul et al., 2007; 
Thomas and Blum, 2010). 
Smith III et al. (1991) were the only ones conducting a crab removal experiment of mainly 
sesarmid crabs in an Australian mangrove forest over one year. Crab removal in the 
experimental plots led to an increase of sulfide and ammonium concentrations in the 
sediment, deteriorating consequently growth conditions for trees (as seen by an reduced 
stipule fall rate) (Smith III et al., 1991). When analyzing the effect of the removal of larger 
crabs on primary effects like sediment characteristics and especially on secondary effects 
like tree growth, it demands large experimental plots (15 x 15 m in the study of Smith III et 
al., 1991) due to the lower abundance of larger crabs compared to fiddler crabs (Kristensen, 
2008). In contrast, exclusion experiments with fiddler crabs testing with the same design, as 
seen in the study by Smith et al. (2009), can be conducted in smaller experimental plots 
(1 x 1 m) with seedlings, because crabs are smaller and more abundant. This difference also 
influences the logistical and work related effort (Bertness, 1985; Fanjul et al., 2007; Smith III 
et al., 1991; Thomas and Blum, 2010), which may be the reasons why large removal or 
exclusion experiments have not been conducted apart from the study by Smith III et al. 
(1991). Hence, the importance of fiddler crabs for their ecosystem is to date better 
investigated than for larger burrowing crabs. Additionally, most of the above mentioned 
studies were conducted in the Indo-West Pacific region, thus the role of larger burrowing 
crabs in the Atlantic-East Pacific region is less investigated. 
In the following study the importance of a large burrowing crab from the Atlantic-East Pacific 
region is investigated for selected sediment characteristics and consequently the functioning 
of mangrove forests estimated by the tree growth and the macrobenthic community 
composition. The study organism is the semi-terrestrial crab Ucides cordatus (Ucididae), 
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which is abundant in Brazilian mangrove forests. It is a harvested species of economic 
importance for the local community (Glaser and Diele, 2004). Average densities of 1.7 ind. m-
2 were reported for the northern part of the Ajuruteua peninsula (Diele et al., 2005) in North 
Brazil. U. cordatus influences the nutrient and energy cycling of the mangrove ecosystem by 
processing more than two thirds of the annual litter and propagule production, which would 
otherwise be exported by the tide (Nordhaus et al., 2006; Schories et al., 2003). Additionally, 
its bioturbation activity was shown to oxidize the sediment at the end of the wet season 
(Araújo Jr. et al., 2012). Apart from this, it is still unclear how the bioturbation activity of 
U. cordatus influences for example the sediment salinity or the oxidation processes in 
sediment over time. Further, it is unclear whether changes in the sediment due to the crabs’ 
bioturbation and leaf litter feeding activity have an impact on secondary effects like tree 
growth or macrobenthic community composition. A disease (“Lethargic crab disease”) 
causing massive losses within populations in Brazil in the last years (Boeger et al., 2005) 
makes it even more important to understand the role of U. cordatus in its ecosystem, 
because consequences of the losses are still uncertain. 
In this study a crab removal experiment was conducted over one year to simulate possible 
effects of a high fishery pressure or losses by the “Lethargic crab disease” on tree growth 
and changes in the macrobenthic community composition for a Brazilian mangrove forests. 
We used the term “removal” instead of “exclusion”, because in this study no fences were 
applied around the experimental plots as have been done in other studies and crabs could 
migrate into plots. Fences led to a real exclusion of crabs from experimental plot, but may 
have also created possible side effects (Dye and Lasiak, 1986; Smith et al., 2009; Thomas 
and Blum, 2010). The main objective of this study was to monitor possible changes due to 
the crab removal for the following sediment characteristics: salinity, organic matter content, 
CO2 efflux rate of the surface sediment and reduction potential. Possible secondary effects 
evolving from changes of the sediment characteristics were monitored for the macrobenthic 
community composition and density and the tree growth (measured by the stipule fall rate). 
The hypothesis of this study is that a decrease in the bioturbation and leaf litter feeding 
activity of U. cordatus alters characteristics of the entire sediment by 1) increasing sediment 
salinity, 2) decreasing reduction potential to more reduced conditions, 3) decreasing the 
organic matter content and 4) decreasing the CO2 efflux rates of the surface sediment due to 
the previous mentioned decrease in organic matter. Secondary effects evolving by the 
deterioration of sediment characteristics may consequently 1) alter the macrobenthic 
community composition, 2) decrease macrobenthic density and 3) decrease tree growth 
estimated by the stipule fall rate. 
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Material and methods 
Study area 
The study was performed at the Caeté estuary, Pará state, North Brazil (Fig. 2 A). The study 
site is situated in the high intertidal zone at the tidal channel Furo Grande (46°38’W 0°50’S) 
on the Ajuruteua peninsula (Fig. 2 B). The region has semidiurnal tides with amplitudes of 3 
to 5 m. At the study site the main mangrove tree is Rhizophora mangle L. (Rhizophoraceae). 
Other mangrove tree species (Avicennia germinans (L.) L. /Acanthaceae, Laguncularia 
racemosa (L.) C. F. Gaertn. /Combretaceae) occur nearby. 
Mean annual temperature for the year 2011 and 2012 was 26.1°C (Tracuateua weather 
station, 50 km from the study site). Total precipitation was 2621 mm in 2011 and 1552 mm in 
2012. Rainfall was seasonal with a wet season from January to August and a dry season 
(monthly precipitation < 100 mm) from September to December (INMET, 2013). 
 
Study design 
Experimental plots (13 x 13 m, n = 12) were established in the high intertidal zone and 
contained exclusively R. mangle trees (6-18 trees per plot, up to 15 m height). Plots were 
chosen so that inundation frequencies and sediment characteristics were as similar as 
possible. In the middle of each plot was a large tree (middle tree). All aerial mangrove roots 
of the middle tree, which indicate the broad extension of below ground roots (Tomlinson, 
1986), were within the borders of the plot. Although, aerial root growth for R. mangle was 
estimated to reach 6 mm per day (Gill and Tomlinson, 1971), plots were sufficiently large to 
prevent root growth across the borders of the experimental plots during one year, thus, 
middle trees were not able to adapt to changing sediment characteristics by directed root 
growth out of the experimental plots. 
Plots were randomly assigned to three treatments (crab removal, disturbance control and 
control) with four replicates each after a design of Smith III et al. (1991). Side effects of the 
crab removal (see below for details) were tested on disturbance control plots, where crab 
removal was simulated. All parameters described below (salinity, organic matter, CO2 efflux 
rate, reduction potential and macrobenthic composition and density) were sampled at the 
same sampling site within experimental plots to be able to relate parameters to each other. 
Sampling sites had, if possible, a minimum distance of 15 cm from burrow openings and stilt 
roots to minimize the direct effect of burrows or roots, which would have hindered proper 
sampling of the sediment with sediment cores. Considering this restriction and following the 
experimental design of Smith III et al. (1991), three sampling sites were randomly chosen 
within experimental plots for each sampling campaign. When for one parameter only two 
samples per plot were taken, samples were taken at the first two sampling sites. 
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The experiment ran from the 19/11/2011 until the 04/11/2012. Sampling campaigns were 
conducted at the beginning monthly from November 2011 until January 2012, then in 
intervals of six weeks until April 2012 and after that every two months until November 2012. 
 
Environmental parameters 
Salinity and temperature readings of tidal surface water were obtained in the middle of the 
tidal channel Furo Grande, approximately 300 m from the experimental plots away. Readings 
were taken in the mornings and late afternoons of each sampling day. Water level data 
loggers (HOBO U20, onset) were employed in all plots to measure the water level derived by 
the water pressure from the 05/03/2012 until the 15/03/2012. To estimate days of inundation 
and inundation level for plots throughout the year, tidal data obtained by the water level data 
loggers (for the measured 10 days) were matched with the closest corresponding tide table 
from the Brazilian National Oceanographic Database (Banco Nacional de Dados 
Oceanográficos, BNDO) for Salinópolis (Fundeadouro de Salinópolis, http://www.mar.mil.br, 
2012), 80 km northwest from the study site. Based on those tide tables, inundation levels 
could be calculated for the remaining time period. 
 
Crab removal 
To simulate an increase fishery pressure or a reduction of crab numbers by the “Lethargic 
crab disease”, largest crabs were caught from removal plots with approximately 400 nylon 
nets (20 x 30 cm) per sampling day. The capture technique was modified after one used in 
North Eastern Brazil called “redinha” (Gomes de Santa Fé and da Rocha Araujo, 2013; 
Magalhães et al., 2011). Nets were fixed to the ground with cuttings of R. mangle aerial roots 
(25 cm) in front of each crab burrow. Cuttings were washed and dried before applying to 
minimize leaching of the wood into the sediment. The nets were then pushed into the 
burrows and left over night. The following day, the captured living crabs were counted and 
carapace width (cm) and sex were recorded. Remains of captured, but partly consumed 
crabs by crab-eating raccoons (Procyon cancrivorus) or other predators, were also counted 
and carapace width was measured, if possible. Crabs were released sufficiently far away to 
prevent re-colonization of the same crabs. During application of nets, sediment was 
disturbed as little as possible by passing over stable roots to reach burrows and sampling 
sites. 
Crab removal started with the first sampling campaign in November 2011 and was conducted 
biweekly for 3-6 days during neap tides for one year. Crab removal was conducted during 
neap tides, because crabs were more active and closed their burrows fewer times than 
during spring tides (Nordhaus et al., 2009). Capture success was calculated for each plot by 
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dividing the number of captured living crabs and found carapaces by the number of installed 
nets and total days of capture (crabs d-1 net-1). Additional manual crab removal from crabs 
moving around at the sediment surface was necessary during migration events, linked to 
mating behavior. Migration events occurred once a month at one of the two spring tides from 
January until March 2012 (Schmidt et al., 2012). Crab burrow density (burrows m-2), and 
thereby crab removal rates over the year in the removal plots, was monitored monthly by 
counting closed and open burrows in two subplots of 26 m2 each. 
Applied capture technique was simulated in the disturbance control plots by setting the 
mangrove cuttings without nets into the ground and stressing tree roots by walking over 
those to a similar extent as in the removal plots. 
 
Organic matter content and salinity of the sediment 
To measure the organic matter content and sediment salinity, two sediment cores were taken 
per plot per sampling with a peat sampler (Eijkelkamp) of 50 cm length and 6 cm diameter. 
Subsamples of the extracted sediment were taken at 1, 5, 10, 20, 30, 40 and 50 cm depth of 
the core, filled into plastic vials and stored at 0°C until processing. Samples were 
homogenized and divided into two portions. The water content of the first portion and its 
organic matter content were gravimetrically determined through weight loss by drying at 
104°C and subsequent combustion at 450°C. 2 g of the second portion were mixed with 
10 ml of distilled water and shaken for 24 h on a mechanical shaker (MA136, Marconi). 
Afterwards, the salinity of the sediment extract was measured with a WTW TetraCon 325 
conductivity meter connected to a WTW multi-parameter instrument (340i). The sediment 
salinity was calculated based on the previously measured original water content of the 
subsample (Steubing & Fangmeier 1992). 
 
CO2 efflux rate of the surface sediment 
Six in situ CO2 efflux rate measurements of the surface sediment were performed in each 
plot at each sampling. At each sampling site two PVC collars of 20 cm diameter were 
inserted several centimeters into sediment without visible roots and U. cordatus burrows. 
Sampling sites usually did not contain fiddler crab burrows, except their density was too high 
to avoid them. A minimum distance of around 40-50 cm was maintained between collars. To 
avoid any influence of released CO2 due to the insertion of the collars, measurements were 
started 1 h after the installation. An opaque respiration chamber was connected to a 
CO2/H2O infrared gas analyzer (LI-8100A, LI-COR, Biosciences) and fitted on top of the PVC 
collar. The CO2 concentration inside the chamber was recorded for 2 min. The measurement 
was repeated four times per collar. Between replicates, the chamber was opened for 25 s to 
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release the accumulated CO2. Sediment temperature was measured outside the collar at 
2 cm sediment depth (thermocouple, OMEGA Engineering). The CO2 efflux rates were 
calculated according to LI-COR®Biosciences (2010), assuming a linear increase in CO2 
concentration and taking the sediment temperature into account. 
 
Reduction potential 
In each plot three sediment cores were taken per sampling, if possible 15 cm away from 
burrows and stilt roots. Redox potential (± 1.0 mV), pH (± 0.1) and temperature (± 0.1°C) 
were measured within the sediment cores immediately after extraction at 1, 5, 10, 20, 30, 40 
and 50 cm depth with a Sartorius ORP (redox) combination electrode and a WTW Sentix 41 
pH-electrode connected to a WTW portable meter (Multi 340i), respectively. 
The rH value is calculated after Pöpel (2000) including the redox potential, temperature and 
pH value of each measurement. Values are an indicator for the reduction force of a reduction 
system. Values range between 0 (strongly reducing conditions) and 42 (strongly oxidizing 
conditions).  
 
Stipule fall rate 
Stipule fall of R. mangle trees is related to the unfolding of new pairs of leaves and can be 
used as an indicator for tree growth (Boto and Wellington, 1984, 1983; Duke et al., 1984). 
Stipule fall is influenced by sediment characteristics (Boto and Wellington, 1984, 1983) and 
can respond to changing conditions within one year (Smith III et al., 1991). 
The litter of the middle tree of each plot was collected in two litter traps (0.25 m2 each) fixed 
to the stem in 5-7 m height at 50 cm horizontal distance to the stem to ensure that the litter 
mainly originated from the middle tree. Traps were emptied biweekly. Litter was sorted and 
dried at 104°C to constant weight. Stipule dry matter (g) from both collectors was pooled and 
stipule fall rates (g m-2 d-1) were calculated. 
 
Macrobenthos 
Beginning with the first sampling campaign, every two months two sediment samples were 
taken in each plot. Samples were pooled to gain a better estimate, because macrobenthic 
density was generally low. Samples were taken in the upper 10 cm of the sediment (except 
for the first sampling, where samples originated from the upper 5 cm, but both samples had 
similar volumes of 0.001 m3). Samples were washed with seawater in sieves with 500 µm 
mesh size. Retained organisms were fixed in 4% formol. For identification, material was 
transferred to 70% alcohol and organisms were identified with a stereomicroscope to the 
lowest taxa possible. Macrobenthic community composition and density was recorded. 
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Statistical analyses 
The statistical analyses were carried out following the protocols for data exploration and 
analysis of Zuur et al. (2009) and Zuur et al. (2010) using the statistical programming 
environment R (R Core Team, 2012) with the packages “nlme” (Pinheiro et al., 2012), “mgcv” 
(Wood, 2006), “lattice” (Sarkar, 2008) and “ggplot2” (Wickham, 2009). 
Data were checked for outliers (Cook distance) and if necessary removed. Correlations 
between explanatory variables (collinearity) were assessed by multiple pair-wise scatter plots 
(pair plots) and variance inflation factors (VIFs). 
Linear mixed-effects models (LME) and generalized additive mixed-effects models (GAMM) 
(Pinheiro and Bates, 2000; West et al., 2006; Wood, 2006; Zuur et al., 2009, 2007) were 
used to model individual response variables of measured parameters (sediment salinity, 
organic matter content, CO2 efflux rate and reduction potential) in relation to different 
treatments, time and their interaction effect. In some models the sediment depth was 
considered as additional covariate. Variables such as plot and sampling site within plots 
(when appropriate) were used as random term, because of the nested structure of the data 
and the experimental design. When trends over sediment depth or time were not completely 
linear, these covariates were set as categorical covariates. To find the optimal fixed terms, a 
backwards model selection was used based on the maximum likelihood ratio test (ML) and/or 
the Akaike Information Criterion (AIC). Validity of the models was checked by examining 
diagnostic plots of residual versus fitted values and residuals versus covariates. 
Independence was examined by plotting residuals versus time. Final models were presented 
with the restricted maximum likelihood estimation method (REML) and are listed in the 
appendix. Presented values are shown as mean ± standard error (se). 
Stipule data were analyzed with a GAMM model for differences among treatments over time. 
Generalized additive models are non-parametric regression models and allow, in the case of 
the stipule data, for nonlinear trends over time with a smooth function for the predictor 
variable time. 
Abundance data of the macrobenthos were analyzed with PRIMER (Primer-E Ltd., release 
6.1.13). To compare the composition of identified taxa for each treatment over time, similarity 
matrices were constructed with the Bray-Curtis similarity measurement. One way analysis of 
similarity (ANOSIM) was applied for each treatment separately to test for differences over 
time. A two way analysis of similarity (ANOSIM) was used to test for differences of 
treatments over time.  
The two most abundant macrobenthic taxa were also analyzed for differences among 
treatments over time with a LME model. Time was fitted as categorical covariate. A variance 
function was applied to account for unequal variance within the covariate time. 
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Results 
Environmental parameter 
Experimental plots were flooded during high tides on 131 days of in total 355 days during the 
study period. This corresponded to a flooding frequency of 14-19 days per month. During the 
other days the high water level was too low to flood the study sites. Mean surface water 
salinity of each month at the Furo Grande varied from 22.8 to 36.9. Lowest salinities were 
recorded during periods of high rainfall. Monthly mean surface water temperatures varied 
throughout the year between 27.1°C and 30.5°C (Fig. 11). 
 
 
Fig. 11: (A) Mean salinity and (B) temperature ± standard error (se) of the surface water 
sampled in the middle of the tidal channel Furo Grande, 300 m away from the study site. (C) 
Total monthly precipitation (mm) recorded at the weather station in Tracuateua, 50 km 
southwest from the study site (INMET, 2013). Data sets are from November 2011 until 
November 2012. 
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Crab removal 
Setting 400 nets per removal plot was within the feasible working load and covered at the 
beginning of the experiment around 50% of all crab burrows and at a later phase of the 
experiment around 90-100% of all burrows. In total 4866 crabs were caught including 
captured living crabs and found carapace (Table 5 a). Additional crab parts (like big scissors) 
of possible 1563 further captured crabs were counted, but not included in the capture 
success calculation for a more conservative estimate. Those crab parts were mostly 
scattered by predators within plots and could only be assumed to originate from a crab which 
was not counted, yet. Additional 844 living crabs were caught during three migration events 
due to mating (Table 5 b). Capture success varied over the year from 0 to 0.2 crabs d-1 net-1 
with a higher success during migration times (Fig. 12). Crab burrow density in the exclusion 
plots varied over the year (Fig. 13), but decreased on average about 52% (Table 6 a). 
Carapace width of captured U. cordatus decreased over time in removal plot 1 (F-
value = 50.4, df = 1, p-value < 0.001) and 3 (F-value = 38.9, df = 1, p-value < 0.001). 
Carapace width did not differ over the year in removal plot 2 (F-value = 2.6, df = 1, p-
value = 0.1) and 4 (F-value = 0.3, df = 1, p-value = 0.6) (Table 6 b). 
 
 
 
 
 
 
Table 5: Number of U. cordatus caught from November 2011 until November 2012 during 
a) the biweekly crab capture campaigns and b) the crab migration events (from January until 
March 2012). 
a) Biweekly crab capture campaign b) Migration events 
  Captured crabs Amount   Living crabs Amount 
  Living ♂ 1671   ♂ 793 
  Living ♀ 1201   ♀ 51 
  Carapaces 1994       
  Total 4866   Total 844 
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Fig. 12: Mean crab capture success ± standard error (se) (crabs d-1 net-1) shown for the four 
different exclusion plots from November 2011 until November 2012. Crab capture was 
conducted biweekly during neap tides for 3-6 days. Crab capture success was calculated 
with all living captured crabs and the found carapaces. Different grey shades and symbols 
represent the four removal plots. Data in August is partly missing. 
 
 
 
Fig. 13: Density of U. cordatus burrows (burrows m-2) shown for the four removal plots 
sampled monthly from December 2011 until November 2012. Different grey shades and 
symbols represent the four removal plots. First burrow count was two weeks after the first 
sampling and burrow count for removal plot 4 is missing for the first count. 
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Table 6: a) U. cordatus burrow density (burrow m-2) for the four removal plots for the first and 
last sampling. Decrease of the burrow density from the first until the last sampling is given in 
%. b) Mean carapace width ± standard deviation (sd) of captured crabs and found 
carapaces. c) Burrow entrance diameter (BED) corresponding to the carapace width listed in 
b) were calculated with the regression equation (Burrow entrance diameter = 0.32 + 0.97 x 
carapace width, R2 = 0.5, n = 310) from chapter 4 for the four removal plots from the first and 
last sampling. d) Calculated CO2 efflux rates of sediment in the four removal plots with a 
burrow density based on a) and burrow entrance sizes based on c) calculated with data from 
chapter 4. 
*Crab burrow density of plot 4 was estimated one month after the first sampling; decrease in 
% may be underestimated. 
a) Crab burrow density (burrow m-2)     
  Removal plot 1. sampling 8. sampling Decrease in % 
  1 4.7 2.1 55.3 
  2 6.7 3.9 41.8 
  3 3.1 0.5 83.9 
  4 4.4* 3.2 27.3 
  
   
  
b) Carapace width (cm)      
    1. sampling 8. sampling   
  Removal plot mean ± sd (n) mean ± sd (n)   
  1 6.5 ± 0.8 (35) 5.2 ± 1.0 (25)   
  2 5.1 ± 0.7 (35) 5.4 ± 0.9 (30)   
  3 6.1 ± 0.9 (18) 5.7 ± 1.0 (25)   
  4 5.0 ± 0.7 (50) 5.1 ± 1.0 (43)   
  
   
  
c) Calculated burrow entrance diameter (BED, cm)   
    1. sampling 8. sampling   
  Removal plot BED BED   
  1 6.6 5.4   
  2 5.3 5.5   
  3 6.2 5.8   
  4 5.2 5.3   
  
   
  
d) Calculated CO2 efflux rate (µmol m-2 s-1)    
  Removal plot 1. sampling 8. sampling Decrease in % 
  1 2.2 1.4 36.4 
  2 2.1 1.7 19.0 
  3 1.7 1.1 35.3 
  4 1.7 1.5 11.8 
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Sediment salinity 
When using a stepwise backwards model selection on the LME model of the sediment 
salinity data, testing for differences between treatment, sediment depth over time and their 
interaction term, the model with the three way interaction was significantly better than the 
model without this interaction (L. Ratio = 26.2, df = 12, p-value = 0.01, Table A3.12). The 
statistical result indicates that trends of the sediment depth-salinity curve for each sampling 
campaign differed among treatments, but no distinct differences between treatments evolved 
over time. Further, the depth-salinity curves among sampling campaigns varied highly 
according to the season. Sediment salinities normally decreased with increasing sediment 
depth, except for times of rainfall, when surface salinities were reduced (Fig. 14). Values for 
the second sampling are missing because of technical problems. 
 
Organic matter content 
Comparing a model of the organic matter data (treatment, sediment depth and time) with and 
without the three way interaction resulted in a better model without the interaction 
(L. Ratio = 4.5, df = 2, p-value = 0.1, Table A3.13). A model with the interaction term between 
sediment depth and treatment, was significantly better than one without the interaction 
(L. Ratio = 8.7, df = 2, p-value = 0.01, Table A3.13). Thus, indicating that depth-organic 
matter curves differed between treatments especially seen by the control values which were 
mostly higher than the other two treatments (Fig. 15). Including the interaction term for 
sediment depth and time was also better than the model without this term (L. Ratio = 6.2, 
df = 1, p-value = 0.01, Table A3.13). Thus, organic matter content decreased with increasing 
sediment depth, but depth-organic matter curves differed among sampling campaigns. The 
model with the interaction term between treatment and time was not significantly better than 
a model without this term (L. Ratio = 2.0, df = 2, p-value = 0.4, Table A3.13), which means 
that the treatments did not differ from each other over time (Fig. 15). 
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Fig. 14: Mean sediment salinity ± standard error (se) over sediment depth (cm). Different 
grey shades and symbols represent the three treatments (crab removal, disturbance control 
and control). Graph is divided into the seven sampling campaigns from November 2011 until 
November 2012. Values for the second sampling in December are missing because of 
technical problems. 
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Fig. 15: Mean organic matter content ± standard error (se) (% of dry weight) over sediment 
depth (cm). Different grey shades and symbols represent the three treatments (crab removal, 
disturbance control and control). Graph is divided into the eight sampling campaigns from 
November 2011 until November 2012. 
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CO2 efflux rates of the surface sediment 
The model of the CO2 efflux rate data testing for differences among treatments over time and 
their interaction term was not significantly better with the interaction term than without the 
term (L. Ratio = 17.1, df = 14, p-value = 0.3, Table A3.14). When comparing a model with 
and without the main term treatment, the model without this term was better (L. Ratio = 0.8, 
df = 2, p-value = 0.7, Table A3.14). Only the model with the main term time was better than a 
model without this term (L. Ratio = 100.2, df = 7, p-value < 0.001, Table A3.14) indicating 
that treatments did not differ over time. However, CO2 efflux rates differed between points of 
time. The lowest CO2 efflux rates were at the 5th sampling in April 2012 (Fig. 16) coinciding 
with the highest precipitation rate (Fig. 11). 
 
 
 
Fig. 16: Mean CO2 efflux rate (µmol m-2 s-1) ± standard error (se) from November 2011 until 
November 2012. Different grey shades and symbols represent the three different treatments 
(crab removal, disturbance control and control). 
 
 
Reduction potential 
A LME model of the rH data with the three way interaction term (treatment, sediment depth 
and time) was significantly better than a model without this term (L. Ratio = 29.04, df = 12, p-
value = 0.004, Table A3.15). As a result, at each sampling campaign rH values decreased 
from 1 to 50 cm depth. Further, values below 30 cm were almost constant throughout the 
year, whereas values above 30 cm varied among sampling campaigns. Depth-rH curves 
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showed differences among treatments at each sampling campaign, but no distinct difference 
among treatments evolved over time (Fig. 17). 
 
 
Fig. 17: Mean rH ± standard error (se) over sediment depth (cm). Different grey shades and 
symbols represent the three treatments (crab removal, disturbance control and control). 
Graph is divided into the eight sampling campaigns from November 2011 until November 
2012. 
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Stipule fall rate 
Including a temporal correlation within the GAMM (for repeated measurements from the 
same litter traps within a plot) resulted in an equally good model as without the temporal 
correlation. Therefore, the simpler model without the correlation structure and with fewer 
degrees of freedom was used. 
The GAMM model for the stipule fall rate data with the main term treatment did not result in a 
better model than without the term (F-value = 0.3, df = 2, p-value = 0.7, Table A3.16). 
However, including a smoothing function for time did result in a better model than without the 
smoothing function (F-value = 16.9, df = 7.9, p-value < 0.001, Table A3.16). Thus, it can be 
stated that no differences occurred for the stipule fall rate between treatments but over time. 
Peaks appeared in March and in August 2012 (Fig. 18). 
 
 
Fig. 18: Mean stipule fall rate in dry weight ± standard error (se) (g m-2 d-1) for R. mangle 
trees biweekly sampled from November 2011 until November 2012. Different grey shades 
and symbols represent the three treatments (crab removal, disturbance control and control). 
 
 
Macrobenthos 
28 different macrobenthos taxa were identified in the samples (including taxa from the 
phylum Arthropoda and Mandibulata) (see Appendix 3). The five most abundant taxa 
(summed up for all samplings) were the polychaete family Capitellidae (41.3%), Oligochaeta 
(34.6%), the bivalve Cyclinella tenius (4.4%), the gastropod Acteon candens (3.2%) and the 
polychaete family Nereididae (2%). The results of the one way ANOSIM, testing for 
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differences over time for each single treatment separately, were not significant (control: 
global R = 0.1, p-value = 0.3%, disturbance control: global R = 0.03, p-value = 17.6%, and 
crab removal: global R = 0.08, p-value = 4.6%). Further, the two way ANOSIM was also not 
significant for the two factors time (Global R = 0.07, p-value = 0.3%) and treatment (Global 
R = 0.02, p-value = 16.1%). 
The final LME model for the Capitellidae density data produced negative fitted values; 
therefore a square root transformation was applied. The model with the transformed density 
data with the main term treatment was not better than the model without this term 
(L. Ratio = 0.5, df = 2, p-value = 0.8, Table A3.17). However, a model with the main term 
time was significantly better than without this term (L. Ratio = 31.4, df = 5, p-value < 0.001, 
Table A3.17). This indicates that there was no change of Capitellidae density between 
treatments but over time in all treatments (Fig. 19). 
 
 
Fig. 19: Mean Capitellidae density ± standard error (se) (individuals m-2) sampled every two 
months from November 2011 until November 2012. Different grey shades and symbols 
represent the three treatments (crab removal, disturbance control and control). 
 
 
The model of the density data for the Oligochaeta including the main term treatment was not 
significantly better than the model without this term (L. Ratio = 0.9, df = 2, p-value = 0.6, 
Table A3.17). However, a model including the main term time was significantly better than 
the model without this term (L. Ratio = 18.3, df = 5, p-value = 0.003, Table A3.17). These 
statistical results imply that there were no changes within the Oligochaeta data between 
treatments but over time in all treatments (Fig. 20). 
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Fig. 20: Mean Oligochaeta density ± standard error (se) (individuals m-2) sampled every two 
months from November 2011 until November 2012. Different grey shades and symbols 
represent the three treatments (crab removal, disturbance control and control). 
 
 
Discussion 
Crab capture 
The crab capture technique did not influence sediment characteristics, because measured 
parameters in disturbance control plots did not substantially differ from control plots. Thus, 
the crab capture technique was adequate to monitor sediment parameters. The technique 
was also less invasive in contrast to exclusion experiments using fences or pit traps, which 
had to be buried (permanently) into the sediment and may have influenced flow 
characteristics of water (Araújo Jr. et al., 2012; Dye and Lasiak, 1986; Smith III et al., 1991; 
Smith et al., 2009). However, without fences re-colonization of crabs was not hindered. 
Nevertheless, crab burrow density decreased on average 52% over the year, but re-
colonization between biweekly crab capture campaigns prevented a complete disappearance 
of crabs and burrows. This fast re-colonization continued throughout the year indicating high 
competition among crabs for burrows (Piou et al., 2007). 
Capture success increased during migration/mating times at the beginning of the year 2012, 
because U. cordatus was more active while searching for mates (Diele and Koch, 2010). 
Mean carapace width of captured crabs significantly decreased in two removal plots over one 
year indicating a sustainable removal of the largest crabs (Table 6). However, at the end of 
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the experiment only in removal plot 3 leaves were accumulating on the ground implying that 
less crabs feed on leaves. Although re-colonization by crabs was fast, it is important to state 
that a decrease in burrow density of 52% adequately simulated an increased fishery 
pressure. This decrease in burrow density should be sufficient to affect the measured 
sediment parameters when assuming that U. cordatus has an important influence on the 
measured sediment characteristics and consequently on the macrobenthic community 
composition and tree growth. The importance of the crab for sediment processes is founded 
on the fact that burrows are dynamic constructions within the sediment. Burrows reach up to 
2 m depth (Schories et al., 2003) and maintenance of burrows (for example sediment 
transport from deeper sediment layers to the surface) is after feeding one of the most 
frequently conducted activities by U. cordatus (Nordhaus et al., 2009). Additionally, burrow 
entrances are closed and rebuild regularly, thus, positions of burrow openings change over 
time (Piou et al., 2009). Concluding, the sediment is highly and regularly modified by the 
crabs’ bioturbation activity, which promotes the assumption that they can affect measured 
sediment parameters and consequently secondary effects. 
 
Sediment salinity 
Sediment salinity was not influenced by a reduction of U. cordatus burrow density. Although 
in the microcosm experiment in chapter 3 artificial crab burrows with one opening (in 
correspondence to U. cordatus burrows) facilitated salt release from sediment, sediment 
salinity data collected from a Brazilian mangrove forest had recorded the highest salinities in 
rooted sediment with a high U. cordatus burrow density (chapter 3). These findings suggest 
that under field conditions potential desalting of sediment by U. cordatus burrows may have 
been masked by salt accumulation of tree roots during water uptake. The root system of 
mature R. mangle trees is massive (Reise, 2003; Tamooh et al., 2008), thus, when trees 
transpire, roots can exclude high amounts of salt during water uptake and sediment becomes 
enriched in salt (Passioura et al., 1992). As a result, mangrove roots of mature trees may 
accumulate more salt than can be released by U. cordatus burrows. 
One reason why no changes occurred could be the burrow morphology. Most studies, which 
considered tidal flushing and groundwater flow through burrows as potential desalting 
mechanism for mangrove sediment (Heron and Ridd, 2008, 2003; Stieglitz et al., 2000; Xin et 
al., 2009) worked with U-shaped and multiple-looped burrows with more than one opening. In 
those burrows the incoming tide produces a pressure difference between several openings 
leading to a directed flow (Heron and Ridd, 2008, 2003, 2001; Ridd, 1996), whereas in 
burrows with one opening no water flow due to pressure differences is possible and tidal 
flushing results in a mixing of tidal water with burrow water entering at the burrow opening 
(Xin et al., 2009). Different burrow types may differently facilitate salt release, thus, 
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comparative studies quantifying the amount of salt released by burrows should be 
conducted. 
Another possible factor masking the desalting effect of U. cordatus burrows and significantly 
influencing the sediment salinity throughout the year is the precipitation as seen also in other 
studies (Marchand et al., 2004; Wolanski and Gardiner, 1981). Sediment salinity in all 
experimental plots decreased in the upper sediment layers during the wet season from 
salinities of over 39 to less than 22. Continuous rain also decreased the sediment salinity of 
deeper sediment layers approximately 1-2 months later (Fig. 14). Studies from the same 
region found similar patterns indicating that the sediment type leads to this time delayed 
effect: In the upper layer more porous sediment and thereby more mobile water masses 
were influenced several days by precipitation not exhibiting any more tidal patterns. 
However, deeper less mobile water masses in the less porous sediment needed more time 
to be affected by precipitation (Dittmar and Lara, 2001b). Changes in sediment salinity by the 
precipitation consequently influence the growth and phenology of R. mangle trees, as tree 
growth and flower bud production was seen to be enhanced by lower salinities during wet 
season (Lara and Cohen, 2006; Mehlig, 2006; Menezes et al., 2003). 
Concluding, precipitation and root systems of mature mangrove trees (accumulating salt 
around their roots) may influence the sediment salinity more importantly throughout the year 
than the bioturbation activity of U. cordatus. 
 
Organic matter content 
Mean organic matter content values (5.6-9.3%, Fig. 15) were similar to those of 
Schwendenmann (1998) in the Caeté estuary, obtained with the same method. Measured 
values varied highly, probably because of the high heterogeneity in mangrove sediments 
(Ferreira et al., 2010). 
Due to high the leaf litter feeding activity by U. cordatus (Nordhaus et al., 2006; Schories et 
al., 2003) it was assumed that they facilitate organic matter storage in the sediment. Organic 
matter storage can evolve due to introduction of leaf litter (by carrying leaves in their burrows 
or sloppy feeding by the crabs) or finely fragmented feces into the sediment (Nordhaus and 
Wolff, 2007; Nordhaus et al., 2009). Low reduction potentials (e.g. sulfate reduction) due to 
water logging within sediments or burrows can lead to slow carbon oxidation rates and 
thereby organic matter storage (Andreetta et al., 2014; Lacerda et al., 1995; Marchand et al., 
2004). Assuming that these processes decreased with decreasing crab density, the organic 
matter content should have decreased in the removal plots over the year. However, no 
changes occurred among treatments for the organic matter content. Possible explanations 
for this finding are: (1) U. cordatus may not only accumulate organic matter, but also facilitate 
organic matter reduction with their burrows. Organic matter reduction can evolve under drier 
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conditions (e.g. low tide, dry season), when reduction potentials of the burrow wall sediment 
are more oxidized due to the contact with atmospheric oxygen. Consequently, carbon 
oxidation is facilitated and the organic matter content of the burrow wall sediment is reduced 
(Alongi et al., 2001; Andreetta et al., 2014). Thus, organic matter accumulation and reduction 
may be in balance because a reduction in burrow density would decrease both processes 
and not only one of them. (2) Competition for leaves among crabs is high (Nordhaus et al., 
2006), thus, a crab density reduction may have decreased the competition, but similar 
amounts of leaves were still processed by fewer crabs, which may be indicated by the fact 
that at the end of the experiment in three of the four removal plots leaves did not appear to 
accumulate on the sediment floor. (3) A decrease in carbon content of the sediment, due to 
the missing leaf litter feeding activity by crabs, could have been replaced by other carbon 
sources such as natural degradation of leaves left on the ground or caught between roots or 
other debris. Schories et al. (2003) estimated for the Caeté estuary that leaves can lose half 
of their original biomass within four to seven weeks. Due to the elevated intertidal zone, 
leaves can remain on the floor for several days during neap tides. Thus, decomposition of 
leaves at the sediment surface may lead to an addition of organic matter content of the 
surface sediment. Other smaller input sources are marine carbon (like phytoplankton) 
entering with high tides, bacterial/benthic phytoplankton mats on the sediment surface 
(Bouillon et al., 2007; Carreira et al., 2002; Dittmar et al., 2001) or, to a small extent, 
terrestrial organic matter input by the Caeté river (Dittmar et al., 2001). These input sources 
may have masked a possible decrease of organic matter especially at the sediment surface. 
(4) Another reason, why the organic matter content of the sediment was not influenced by a 
reduction in burrow density, may be that natural carbon degradation rates (without the 
influence of crabs) in the sediments are low. Dittmar & Lara (2001b) estimated a degradation 
rate of organic carbon of 0.21% per year in the Caeté estuary (indicating a half-life of organic 
carbon of approximately 330 years). Thus, conducting the experiment over a longer time 
period than one year (most probably decades) may result in a different finding, although 
removal experiments over longer time spans may not be feasible to conduct. Comparing 
similar ecosystems with different crab densities may be a possible alternative. 
These considerations indicate that the amount of organic matter entering the sediment due to 
the processing of leaves by U. cordatus should be investigated in more detail. It is 
unquestioned that U. cordatus retains high amounts of leaf litter (Nordhaus et al., 2006; 
Schories et al., 2003) and increases leaf degradation, which is faster than microbial 
degradation (Middleton and McKee, 2001; Nordhaus and Wolff, 2007). However, the main 
part of the processed carbon is stored as U. cordatus biomass (Wolff et al., 2000), because 
assimilation rates are high (carbon assimilation for R. mangle leaves: 79.3%, Nordhaus and 
Wolff, 2007) and the fate of the remaining organic matter (feces or leaf parts due to sloppy 
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feeding) is rather unclear. Remaining organic matter may be processed by detritus feeders, 
degraded by microbes, accumulated in the sediment by natural burial or exported by the tide. 
Hence, investigations are needed to disentangle how much organic matter is stored by 
burrowing and leaf litter feeding crabs and natural burial. Natural burial is an important 
mechanism of carbon storage in mangrove forests. Even without considering the widely 
anticipated positive effect of organic matter retention by crabs (Emmerson and McGwynne, 
1992; Nordhaus et al., 2006; Robertson and Daniel, 1989; Robertson, 1986; Schories et al., 
2003; Twilley et al., 1997), mangrove forests are recognized as carbon sinks, because rapid 
rates of primary production and slow rates of carbon decomposition in the sediment favor 
carbon storage (Alongi et al., 2001; Donato et al., 2011; Sanders et al., 2010). 
 
CO2 efflux rates 
Mean CO2 efflux rates in this study varied between 0.4 and 1.4 µmol m-2 s-1 (Fig. 16) and 
were similar to rates from other studies in mangrove forests (Kristensen et al., 2008; Leopold 
et al., 2013; Lovelock, 2008). In contrast to the organic matter content of the sediment, CO2 
efflux rates significantly varied with season and decreased during times of precipitation. Rain 
may have saturated the sediment with water, thus, sediments were less oxidized which may 
have led to sulfate reduction in the upper layer and thereby most probably to lower carbon 
oxidation rates and consequently a lower CO2 release than during dry season (Andreetta et 
al., 2014; Marchand et al., 2004). This may have been the case in the removal experiment, 
although reduction potentials only slightly decreased during wet season (Fig. 17). 
Results from chapter 4 showed that sediment with U. cordatus burrows had higher CO2 efflux 
rates than sediment without burrows. Additional CO2 released by individual burrows may 
originate from the crab itself (chapter 4), carbon oxidation at the burrow wall sediment 
(Gribsholt et al., 2003) or from gas leakage of carbon stocks from deeper sediment layers 
released via burrows (Kristensen et al., 2008a, 2008b). However, no differences were 
measured for the CO2 efflux rates of surface sediment among treatments. Surface sediment 
was measured without burrows and the CO2 released was not estimated from the complete 
plot including all burrows. This has following implications: First, the presence of burrows did 
not influence the CO2 release of surface sediment around burrows and second, the overall 
CO2 efflux rate of the complete plot should have decreased with decreasing burrow density, 
but could not be measured. 
Based on the results in chapter 4 the overall CO2 efflux rate of removal plots at the beginning 
and at the end of the experiment can be approximately calculated. Parameters used for the 
calculation were the burrow density and the average carapace width of the captured crabs at 
the beginning and the end of the experiment (Table 6 a, b). Based on the carapace width the 
burrow entrance diameter was calculated as described in chapter 4 (Table 6 c). To simplify 
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the calculation, mean burrow entrance diameter from the removal plots at the beginning and 
end of the experiment and mean CO2 efflux rates from burrows of the study in the 4 chapter 
were considered. Calculated CO2 efflux rates of the removal plots varied between 1.7 and 
2.2 µmol m-2 s-1 for the first sampling and between 1.1 and 1.7 µmol m-2 s-1 for the last 
sampling (Table 6 d). Thus, calculated values for the removal plots decreased between 11.8 
and 36.4% from the beginning until the end of the experiment (Table 6 d). In contrast to the 
measured CO2 efflux rates from the removal plots, these calculated estimates show that a 
reduction in crab burrow density led to a lower overall CO2 release from mangrove 
sediments. This last finding indicates that CO2 released by U. cordatus and their burrows 
should be considered more importantly in future mangrove carbon budget estimates, 
because their contribution has been underestimated in previous estimates (Bouillon et al., 
2008). 
 
Reduction potential 
Mean reduction potential values (Fig. 17) ranged from 4 to 26 and varied over time and even 
within plots most probably due to seasonal variation and high heterogeneity within the 
mangrove sediment (Ferreira et al., 2010; Otero et al., 2006; Seybold et al., 2002). The most 
obvious pattern was the decrease in reduction potential with increasing sediment depth 
(Fig. 17). Assuming that bioturbation by U. cordatus leads to more oxidizing sediment 
conditions (Araújo Jr. et al., 2012), there was no clear tendency that a reduction of burrow 
density led to more reducing conditions in the sediment of the removal plots. Araújo Jr. et al. 
(2012) conducted a study with U. cordatus in another Brazilian mangrove forest at the end of 
the wet season. Authors observed an improvement of the reduction potential from sulfate to 
iron reduction in the entire sediment when burrows were present. Their study site had twice 
as much U. cordatus burrows (12 ± 3 burrows m−2) than recorded in this experiment 
(6.7 burrows m−2, Table 6 a). However, authors did not mention in which distance to the 
burrow walls samples were taken. Due to the high burrow densities recorded at their study 
sites, burrows were most probably closer together than in the study site of this experiment. 
Many other studies focusing on fiddler crabs, which had also much higher burrow densities 
(60 to more than 200 burrows m-2), recorded also substantial changes in the reduction 
potential for the entire upper sediment layer in bioturbated areas (Bortolus and Iribarne, 
1999; Botto and Iribarne, 1999; Ferreira et al., 2007; Kostka et al., 2002; Morrisey et al., 
1999; Nielsen et al., 2003). Most of the authors did not mentioned in which distance to the 
burrow wall reduction potential measurements were taken, however, especially in sites with 
over 200 burrows m-2 it is difficult to not sample close to burrow walls. Thus, the higher the 
burrow density, the more is the entire sediment influence by the burrows. Nielsen et al. 
(2003) determined the reduction potential in radial profiles around fiddler crab burrows. 
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Although authors found only a narrow zone of up to 1.5 cm of oxidized sediment around 
burrow walls, they observed that this zone had a significant effect on the re-oxidization of the 
mangrove sediment (Nielsen et al., 2003). In the study of chapter 4 the reduction potential 
was studied in radial profiles around U. cordatus burrows. Results revealed that this oxidized 
zone could reach up to 15 cm, thus 10 times larger than for fiddler crabs. The fact that in the 
study by Araújo Jr. et al. (2012) the entire sediment was oxidized by the bioturbation activity 
of U. cordatus, can be explained by the larger oxidized zone around their burrows in 
combination with the high burrow density at their study site. In areas with high burrow 
density, combined effects of local oxidized zones around burrows may oxidize the entire 
sediment. In this experiment burrow density was lower and therefore local effects did not 
influence the entire sediment. However, findings by Araújo Jr. et al. (2012) cannot be 
generalized, because, as seen in chapter 4, reduction potentials at burrow walls varied over 
time (Fig. 10). From the middle of the wet season (July) onwards burrow wall sediment at 30 
and 50 cm depth were more oxidized compared to non-bioturbated sediment. In the study of 
Araújo Jr. et al. (2012) samples were taken at the end of the wet season. Thus, comparing 
their findings with the study of chapter 4 showed that they found similar patterns with more 
oxidized sediment from 10 to 30 cm in bioturbated sediment by U. cordatus than in non-
bioturbated sediment. However, in the study of chapter 4 reduction potential were not always 
better in bioturbated sediment than in non-bioturbated sediment. At the beginning of the wet 
season reduction potentials were similar or lower in burrow wall sediment than in non-
bioturbated sediment. This indicates that it is important to consider temporal pattern of the 
reduction potential in the burrow wall sediment for ecosystems where burrow densities are 
high and crabs influence with their bioturbation activity the entire sediment. 
 
The importance of U. cordatus for tree growth and macrobenthic community 
The removal of on average 52% of U. cordatus burrows over a period of one year did not 
change stipule fall rates or macrobenthic community composition and density. The 
macrobenthic community composition may have changed directly at the burrow wall, but this 
study did not aim to find small local effects rather than large scale effects influencing the 
community structure of the entire sediment. However, because no changes occurred in the 
measured sediment characteristics, no changes were expected for the macrobenthic 
community. The only changes which occurred were most probably linked to the precipitation. 
Other stipule fall rate varied highly throughout the year (Fig. 18). Stipule production 
measurements from the Caeté estuary revealed also changing trends over a one year period 
(Mehlig, 2006; Reise, 2003) indicating high variability as result of seasonality. 
In Australian mangroves, a crab removal experiment of mainly sesarmid crabs recorded a 
decrease in stipule fall rates within one year due to increased concentrations of sulfide and 
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ammonium in the removal plots (Smith III et al., 1991). Thus, the bioturbation activity of 
sesarmid crabs in the Australian mangroves seemed to have an impact on the measured 
parameters and thereby also on tree growth. One controversy resulting from these findings is 
the question why the Australian mangrove ecosystem in the crab removal experiment of 
Smith III et al. (1991) was affected by the reduction of burrow density, while the sampled 
Brazilian mangrove forest was unaffected. Smith III et al. (1991) estimated a removal 
efficiency of 70-80% and the continuous capture of crabs by pit traps altered crab size 
distribution from 20 mm carapace width at the beginning of the experiment to 10 mm 
carapace width one year later. However, the authors did not mention the specific number of 
burrows that remained in the removal plots and at which distance to the remaining burrows 
samples were taken making comparison to this study difficult. In this exclusion experiment, 
removal success estimated by the U. cordatus burrow density reduction was on average 
52%. When only comparing the numbers of captured crabs between the removal 
experiments, more U. cordatus individuals were captured (4866 crabs in total in 13 x 13 m 
plots) in the present study than sesarmid crabs in the Australian experiment (approximately 
1500 crabs in 15 x 15 m plots). Thus, it can only be speculated that crabs in the Australian 
ecosystem have a larger impact on sediment characteristics and tree growth than 
U. cordatus in the Brazilian ecosystem. Comparative long-term studies (over several years), 
such as exclusion experiments of different crab species under natural conditions in the 
Atlantic-East Pacific and Indo-West Pacific region may help evaluate the role of these crabs 
in their ecosystems. However, these investigations should be complemented with studies 
focusing on the effect of crabs on single ecosystem processes (i.e. desalting of sediment, 
CO2 efflux rates by burrows, spatial and temporal reduction potential patterns at burrow 
walls) to clearly understand how crab activity impacts the ecosystem. 
One potential reason explaining the absence of changes in the sediment parameters of this 
study could be the missing removal of fiddler crabs from the experimental plots. Previous 
studies have shown that fiddler crabs can change sediment characteristics in the upper 
sediment layer (Araújo Jr. et al., 2012; Fanjul et al., 2007; Gribsholt et al., 2003; Kristensen 
and Alongi, 2006; Nielsen et al., 2003). In this study burrow densities of fiddler crabs ranging 
from 28-105 burrows m-2 (mean ± standard deviation: 57 ± 17.5, Appendix 2) were found. 
Thus, they could have continued sediment bioturbation in the upper layer, obstructing 
changes in sediment parameters. 
Another reason why U. cordatus may not have an impact on tree growth and macrobenthic 
community composition may be because precipitation and salt accumulation by trees during 
water uptake, as previously discussed, have been seen in this study to influence sediment 
characteristics and thereby secondary effects. These two factors may have a greater 
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influence on ecosystem processes and functioning of the Brazilian mangrove ecosystem 
than the bioturbation and leaf litter feeding activity of U. cordatus. 
Although crabs may not influence the ecosystem by the studied parameters, they are 
important for the Brazilian mangrove ecosystem in other aspects. Studies have shown that 
U. cordatus plays an important role in the energy and nutrient retention (Nordhaus et al., 
2006; Schories et al., 2003) and the food web, as many predators (crab eating mangrove 
raccoon or avian predator) depend on it as food source (Martinelli and Volpi, 2010; Wolff et 
al., 2000). Furthermore, the crab is an important ecosystem good sustaining the income of 
many households of the local community (Glaser and Diele, 2004; Legat et al., 2006). 
 
Conclusion 
In this removal experiment, an increased fishery pressure was simulated reducing on 
average 52% of the initial U. cordatus burrow density over one year. However, a decrease in 
the bioturbation and leaf litter feeding activity of this crab did not influence tree growth or the 
macrobenthic community composition and density, because overall measured sediment 
characteristics were also not influenced. The burrow density may be one possible factor 
determining whether the crabs’ bioturbation effect remains local around the burrow wall or if 
combined local effects changes the entire sediment. The only indirectly estimated effect by 
U. cordatus was the reduction of CO2 released in removal plots, due to a decrease in burrow 
density. Other factors like the precipitation or salt accumulation by mangrove trees during 
water uptake influenced measured parameters as the sediment salinity, the CO2 efflux rate of 
the surface sediment and especially the stipule fall rate and macrobenthic community. Thus, 
these factors have a higher impact on tree growth and the macrobenthic community 
composition than bioturbation and leaf litter feeding by U. cordatus. However, these findings 
do not implicate that overfishing will not have an effect on the mangrove ecosystem as crab 
loss will directly influence the food webs. Depending on climatic or biotic characteristics of 
specific mangrove ecosystems, burrowing crabs may have different impacts on ecosystem 
processes and functioning. 
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Chapter 6: Thesis synopsis 
 
The influence of U. cordatus on sediment processes 
In the microcosm experiment, artificial burrows with one opening facilitated desalting of 
sediment. Further, more CO2 was released by burrows and the sediment reduction potential 
at burrow walls was more oxidized compared to sediment without burrows. This clearly 
indicates that U. cordatus has an impact on the measured sediment processes. However, 
other factors can have a stronger influence on these processes. Precipitation influenced 
sediment salinity (chapters 3 and 5), CO2 efflux rates of the surface sediment (chapters 4 
and 5) and reduction potential (chapter 4). The rooting level in the sediment and groundwater 
flow may have further influenced the sediment salinity (chapter 3). Sediment processes in the 
Brazilian mangrove forest may be influenced by both bioturbation activity of U. cordatus and 
factors such as precipitation, transpiration by trees or groundwater flow, which are also 
known to influence sediment processes in other ecosystems (Adame et al., 2010b; Marchand 
et al., 2004; Passioura et al., 1992; Sanders et al., 2010; Wolanski and Gardiner, 1981). 
Thus, U. cordatus is undoubtedly an allogenic ecosystem engineer influencing the 
topography of the mangrove sediment and its characteristics by constructing burrows. The 
magnitude of its impact compared to other factors is evaluated in the following paragraph. 
 
The role of U. cordatus in ecosystem functioning of Brazilian 
mangrove forests 
To estimate the influence of U. cordatus on ecosystem functioning, a removal experiment 
was chosen as a valid design because the current state of the forest (control plots) was 
compared to a manipulated state (removal plots with lower crab burrow density). In the case 
that U. cordatus substantially influences sediment processes and consequently ecosystem 
functioning, differences between the two treatments should be observed. However, in the 
crab removal experiment of this thesis no changes in the measured parameters were 
observed over one year, at first glance suggesting that ecosystem functioning did not change 
with decreasing burrow density. This does not accord with the findings of chapters 3 and 4, in 
which U. cordatus was found to influence sediment characteristics. To explain this 
controversy, the effect of the bioturbation and leaf litter feeding activity of U. cordatus needs 
to be considered at different impact levels. Their activity has been seen to affect sediment 
characteristics, but most probably only on a “local level” and not an “ecosystem level”. More 
specifically, their activity impacts the sediment locally; for example, the reduction potential 
influences the sediment surrounding the burrow up to a horizontal distance of 15 cm from the 
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burrow wall. However, combined local effects did not affect the entire sediment and thereby 
the functioning of the ecosystem, thus there was no impact at the “ecosystem level”. Local 
effects may lead to patches of bioturbated and non-bioturbated sediment and, thereby, high 
heterogeneity within the sediment. Thus, most sediment samples taken within the removal 
plots, not directly at the burrow walls, may not have been impacted by crab bioturbation and 
leaf litter feeding activity. The general low density of U. cordatus may be the reason that 
bioturbation effects did not influence the entire sediment in the study area. The burrow 
densities in the removal plots at the beginning of the experiment ranged between 3.1 and 
6.7 burrows m-2. In contrast, Araújo Jr. et al. (2012) recorded a U. cordatus burrow density of 
12 ± 3 burrows m-2 in their study site in North eastern Brazil. They investigated the influence 
of U. cordatus bioturbation activity on reduction potential and found substantial changes in 
sediment characteristics most probably due to the high burrow density. Higher burrow 
densities also imply that burrows dominate the sediment; thus, it is probably more difficult to 
take samples further away from burrow walls. In fiddler crab studies, where burrow densities 
can range between 20 and 342 burrows m-2 and burrows dominate the sediment, the same 
substantial changes in sediment reduction potential, sediment salinity and organic matter 
content were found, influencing ecosystem functioning (Botto and Iribarne, 2000; Gribsholt et 
al., 2003; Kristensen and Alongi, 2006; Nielsen et al., 2003; Smith et al., 2009; Thomas and 
Blum, 2010). Thus, the importance of U. cordatus for ecosystem functioning in regard to the 
measured sediment processes may be determined not only by its bioturbation activity but 
also its burrow density. Burrow density may determine whether the bioturbation effects of 
U. cordatus remain local or change sediment characteristics substantially and thereby 
influence ecosystem functioning. However, as mentioned earlier, other factors such as 
precipitation, groundwater flow or transpiration by trees and subsequent salt accumulation 
have been observed to have a stronger impact on sediment processes than bioturbation 
activity by U. cordatus. In this context, the organic matter content of the sediment is a good 
example to demonstrate that several factors in addition to bioturbation activity by U. cordatus 
act on this parameter. In chapter 5, a reduction in crab density and thus in processed leaf 
litter did not reduce the organic matter content of the sediment. However, due to the high 
retention rate and processing of leaf litter by U. cordatus (Nordhaus et al., 2006; Schories et 
al., 2003), it is unlikely that this species has no influence on organic carbon content. Tidal 
carbon input or benthic phytoplankton growth may have replaced small losses at the 
sediment surface (Bouillon et al., 2007; Carreira et al., 2002; Dittmar et al., 2001). 
Alternatively, degradation rates of items such as processed leaf remains or dead roots in the 
sediment may have been too slow to become apparent over one year, because they contain 
components that are difficult to degrade (Benner and Hodson, 1985; Dittmar and Lara, 
2001a; Middleton and McKee, 2001). Consequently, there are many factors with a more 
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significant influence on sediment processes and thereby ecosystem functioning than the 
bioturbation activity of U. cordatus, especially if burrow density, and thus crab impact, is 
rather low. 
Finally, a short-term reduction in U. cordatus burrow density, which can be due to increased 
fishery pressure for example, did not have a negative effect on the mangrove forest in the 
study area in regard to the measured parameters. However, a constant reduction in crab 
density by overfishing or loss of this species due to Lethargic crab disease, lasting years to 
decades or even resulting in permanent extinction of U. cordatus, will likely negatively 
influence ecosystem functioning. 
This thesis focused on sediment processes influenced by the bioturbation activity of 
U. cordatus; however, other aspects and processes need to be considered in order to 
evaluate the importance of U. cordatus for the functioning of the whole ecosystem. For 
example, U. cordatus is an important leaf litter feeder in the Brazilian mangrove forest, 
retaining high amounts of energy and nutrients (Nordhaus et al., 2006; Schories et al., 2003). 
Furthermore, this species is an important part of the food web and serves as a prey item for 
several predators such as the crab-eating mangrove raccoon and avian predators (Martinelli 
and Volpi, 2010; Wolff et al., 2000). Besides its importance in ecosystem functioning, 
U. cordatus is also an important ecosystem good sustaining the financial income of the local 
community (Glaser and Diele, 2004; Legat et al., 2006). 
 
The importance of mangrove crabs for ecosystem processes and 
ecosystem functioning 
Findings from this thesis show that the influence of the bioturbation activity of U. cordatus on 
sediment processes is comparable to that of other burrowing mangrove crabs in other 
ecosystems (Kristensen, 2008, 2000). When comparing U. cordatus burrows with smaller 
fiddler crab burrows, the size of the burrows may cause differences; the horizontal extension 
of the more oxidized reduction potential in the sediment around crab burrows (Gribsholt et 
al., 2003; Nielsen et al., 2003) and the amount of CO2 released by burrows is smaller for 
fiddler crab burrows (Kristensen et al., 2008b; Nielsen et al., 2003). 
As stated before, the importance U. cordatus for the functioning of an ecosystem is not only 
determined by the activity and behavioural pattern of the crab itself, but also by the inherent 
abiotic and biotic characteristics of each ecosystem. Thus, in order to generalize the role of 
burrowing and leaf litter feeding crabs for ecosystem functioning, each ecosystem inhabited 
by these crabs must be characterized. The Atlantic-East Pacific region, where U. cordatus is 
distributed, can be described as a species-poor ecosystem in terms of flora and fauna, while 
the Indo-West Pacific region is the most species-rich mangrove ecosystem (Ellison, 2008). In 
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the past, most mangrove studies investigated burrowing and leaf litter feeding crabs from the 
Indo-West Pacific region, thus current knowledge is biased towards this region, highlighting 
the necessity of this thesis. Although the crab removal experiment in this thesis was similar to 
a study in Australia by Smith III et al. (1991), who also estimated the ecosystem functioning 
of burrowing and leaf litter feeding crabs using a crab removal experiment, the two studies 
are not fully comparable because they used different crab capture techniques and 
parameters. Stipule fall rate (Smith III et al., 1991) was the only parameter measured in both 
studies, which is an indicator for tree growth (Boto and Wellington, 1984, 1983; Duke et al., 
1984) and may indicate changes in ecosystem functioning. In the Australian ecosystem, a 
reduction in crab density over one year altered the functioning of the ecosystem, as observed 
by decreasing stipule fall rates and thus a deterioration in tree growth due to increasing 
concentrations of sulphide and ammonium in the sediment. In the Brazilian ecosystem, no 
changes in sediment characteristics, tree growth or macrobenthic community composition 
occurred. Ultimately, it is not possible to identify the specific factors that determined why 
burrowing and leaf litter feeding crabs in Australia impacted ecosystem functioning and 
U. cordatus in Brazil did not (see also discussion in chapter 5). However, the main difference 
between these two ecosystems is the species richness, which is exemplified by the variable 
burrow morphology affecting the sediment topography. Burrow morphology is more diverse 
in the Indo-West Pacific region where burrows with one opening, U-shaped, multiple-looped 
and complex burrows are present; whereas in the Atlantic-East Pacific region, burrows with 
one opening are dominant (Heron and Ridd, 2008; Otani et al., 2010; Qureshi and Saher, 
2012; Schories et al., 2003; Stieglitz et al., 2000; Thongtham and Kristensen, 2003). The 
diversity in burrow morphology is an essential characteristic that may influence the impact of 
crab activity for ecosystem functioning. Nevertheless, the diversity in burrow morphology is 
still a consequence of species richness. Therefore, differences in species richness (of crabs, 
but also other organisms such as trees) between these two regions may be an important 
aspect to consider for the evaluation of the importance of crabs in an ecosystem in future 
studies. Until now, no studies have investigated the effect of species richness for the 
ecosystem functioning of mangrove forests. 
In the Indo-West Pacific region, a greater number of crab species can theoretically fulfil 
more, or different, ecosystem functions and can therefore be classified into functional groups 
(Hooper et al., 2005). The presence of more crab species can also increase the functional 
redundancy (species with similar functions which can replace each other) within functional 
groups, possibly leading to higher resilience of the ecosystem (Hooper et al., 2005; Naeem, 
1998). In such circumstances, the extinction of one species would not directly lead to 
malfunction of its specific function, because another species could replace the lost one. 
However, in a species-poor ecosystem, such as the Brazilian mangrove forest, the loss of 
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one species could be critical. The theories linking species richness and ecosystem 
functioning, and thus ecosystem resilience, are the focus of current research (Chapin III et 
al., 2000; Hooper et al., 2005; Hughes and Petchey, 2001; Lamont, 1995; Loreau et al., 
2001; McCann, 2000; Peterson et al., 1998; Reiss et al., 2009). Therefore, it is important to 
consider species richness when evaluating the importance of burrowing crabs for ecosystem 
functioning. This question was not within the scope of this thesis, but is the logical next step 
in this area of research. 
Concluding, this thesis cannot evaluate the importance of burrowing and leaf litter feeding 
crabs for mangrove ecosystem functioning. However, the findings indicate that these crabs 
do influence ecosystem functioning, yet the reasons for their importance differ depending on 
the ecosystem in question. In the species-poor Brazilian ecosystem, burrowing and leaf litter 
feeding crabs had a high impact on carbon cycling and were important in the food web; 
whereas in the species-rich Australian ecosystem, crabs also had a high impact on sediment 
characteristics and thus tree growth. 
 
Conclusion and outlook 
Understanding the role of burrowing and leaf litter feeding crabs in ecosystem processes is 
important in order to evaluate their influence on the functioning of an ecosystem. Studies to 
date emphasized the importance of burrowing crabs for sediment processes (Kristensen, 
2008, 2000; Lee, 2008). However, the magnitude of their impact on sediment processes is 
not clear. The findings of this thesis indicate that the burrowing and leaf litter feeding crab 
U. cordatus influences sediment processes, but not ecosystem functioning in regard to the 
studied parameters. The influence of an organism on ecosystem processes is dependent on 
abiotic and biotic factors. These findings do not directly disagree with previous studies 
supporting the role of crabs in ecosystem functioning, but challenge future research to better 
understand the role of the organism in the context of its ecosystem. This implies that more 
detailed observation of the role of the organism in ecosystem processes is required, but also 
of the abiotic and biotic properties of the ecosystem. This differentiated approach is important 
to avoid amplifying the actual role of an organism by generalizing from one to all ecosystems. 
This approach is especially important for mangrove ecosystems, because they are highly 
heterogeneous. Burrow morphology, burrow density, mangrove stands, sediment type, tidal 
regime, crab species richness, tree species richness and many other variable factors interact 
to define the role of burrowing and leaf litter feeding crabs in ecosystem processes and 
ecosystem functioning. 
The results of this thesis showed that U. cordatus locally influenced sediment processes. 
Artificial burrows with one opening were seen to facilitate desalting of sediment. Further, 
U. cordatus burrows improved the reduction potential in the sediment around burrows. CO2 
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released by U. cordatus burrows and crab respiration increases sediment CO2 efflux rates, 
which should be considered in the current carbon budget estimates for mangrove forests. 
However, the mangrove ecosystem functioning (in regard to the measured parameters) did 
not change with reduced burrow density. This can be attributed to the local changes in 
sediment characteristics resulting from crab activity, which likely lead to patchiness and high 
heterogeneity within the sediment but were not large enough (maybe due to burrow density) 
to influence the entire sediment and therefore ecosystem functioning. Although U. cordatus 
may only impact some ecosystem processes to a small extent, this species may be highly 
important for other processes or economic aspects. 
This thesis also highlights present current research questions to better understand the role of 
crabs within their ecosystem. Firstly, there is a need for detailed understanding of their role in 
single ecosystem processes: 1) The salt release mechanism for burrows with one opening is 
not understood in detail, due to the lack of experiments under natural conditions. 2) Spatial 
and temporal patterns of the reduction potential in bioturbated sediment, especially by larger 
burrowing crabs, are largely unknown; for example, how the reduction potential of 
bioturbated sediment changes with tide levels, over seasons or in different sediment types is 
still unknown. 3) Spatial and temporal patterns of CO2 released by burrows are yet to be 
estimated. Furthermore, the source of this CO2 needs to be identified. CO2 possibly 
originates from the oxidation of organic matter in the sediment of the burrow wall, but it can 
also seep out from deeper sediment layers. Further studies are also required to investigate 
CO2 released from different burrow types (for example fiddler crab burrows) in different 
seasons, sediment types and mangrove stands. Moreover, respiration rates of different crab 
species should be measured in order to estimate their contribution to burrow CO2 efflux rate. 
4) Further, the pathway from the processing of leaves by crabs to the burial of these 
processed leaves needs to be quantitatively evaluated over time. These latter two aspects 
will also improve the carbon budget estimate for mangrove forests. 
Secondly, this more detailed characterization of the role of crabs in sediment processes 
should be considered in an ecosystem context. Therefore, to evaluate the role of crabs in the 
functioning of their ecosystem, abiotic (climatic, sediment and tidal conditions) and biotic 
factors (food web, species richness of flora and fauna) need to be considered. Importantly, 
this will direct research towards comparative studies between regions of different species 
richness (Atlantic-East Pacific versus Indo-West Pacific); species richness is a key factor 
determining ecosystem properties and is therefore critical in identifying the magnitude of the 
impact of burrowing and leaf litter feeding crabs on ecosystem processes and hence on 
ecosystem functioning. 
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Appendix 
 
Appendix 1: Length of U. cordatus burrow corridors 
The length of U. cordatus burrow corridors was recorded with a measuring tape (cm) in 30 
burrows within the study area (R. mangle dominated forests) in November 2012. The burrow 
corridor was measured in two sections. The first section was the upper part of the burrow, 
which normally bends from the surface sediment relatively horizontally down into the 
sediment (horizontal corridor section). The second corridor section continues straight down 
(vertical corridor section). Burrow entrance diameter are presented in cm. Minimum, 
maximum, mean and standard deviation are given for each parameter. 
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  Horizontal Vertical Total Burrow 
Burrow corridor section corridor sector corridor length diameter 
number  (cm)  (cm)  (cm)  (cm) 
1 12 129 141 8.2 
2 30 89 119 9.0 
3 0 111 111 11.5 
4 0 80 80 8.7 
5 0 96 96 12.0 
6 25 65 90 5.3 
7 38 85 123 7.1 
8 30 106 136 7.2 
9 0 124 124 8.5 
10 33 91 124 9.8 
11 0 91 91 8.6 
12 0 97 97 6.8 
13 30 80 110 8.2 
14 0 112 112 7.4 
15 50 129 179 7.2 
16 100 119 219 9.0 
17 55 88 143 7.2 
18 10 90 100 7.9 
19 25 94 119 8.1 
20 0 73 73 10.3 
21 30 107 137 10.3 
22 35 108 143 6.8 
23 0 97 97 6.7 
24 25 162 187 9.2 
25 0 125 125 9.3 
26 23 104 127 6.7 
27 18 94 112 6.3 
28 12 129 141 8.2 
29 0 96 96 12.0 
30 0 97 97 6.7 
Min. 0.0 65.0 73.0 5.3 
Max. 100.0 162.0 219.0 12.0 
Mean 19.4 102.3 121.6 8.3 
Stdev. 22.6 20.2 31.8 1.7 
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Appendix 2: Burrow density of Uca spp. 
Uca spp. burrows were counted in plots of 1 m2 in the study area in R. mangle dominated 
forests in July and November 2012. July and November samples were taken at different 
sites. Minimum, maximum, mean and standard deviation is given for the burrow density. 
 
    Uca spp.      Uca spp. 
Sampling   
burrow 
density  Sampling   
burrow 
density 
number Date (burrows m-2)  number Date (burrows m-2) 
1 July 2012 48  25 Nov. 2012 83 
2 July 2012 105  26 Nov. 2012 83 
3 July 2012 97  27 Nov. 2012 50 
4 July 2012 61  28 Nov. 2012 54 
5 July 2012 53  29 Nov. 2012 50 
6 July 2012 73  30 Nov. 2012 53 
7 July 2012 49  31 Nov. 2012 58 
8 July 2012 40  32 Nov. 2012 36 
9 July 2012 75  33 Nov. 2012 59 
10 July 2012 48  34 Nov. 2012 39 
11 July 2012 59  35 Nov. 2012 40 
12 July 2012 71  36 Nov. 2012 28 
13 July 2012 78  37 Nov. 2012 52 
14 July 2012 53  38 Nov. 2012 53 
15 July 2012 42  39 Nov. 2012 70 
16 July 2012 39  40 Nov. 2012 48 
17 July 2012 71  41 Nov. 2012 37 
18 July 2012 53  42 Nov. 2012 40 
19 Nov. 2012 55  Min.   28 
20 Nov. 2012 46  Max.   105 
21 Nov. 2012 75  Mean   57.0 
22 Nov. 2012 43  Stdev.   17.5 
23 Nov. 2012 86     
24 Nov. 2012 40     
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Appendix 3: List of macrobenthos taxa  
List of identified macrobenthos taxa from samples taken in the high intertidal zone during 
neap tides at the Furo Grande, Caeté estuary, North Brazil. 
 
 
Phylum Clas Order Family Genus Species 
Arthropoda Arachnida Araneae 
  
  
Mandibulata Insecta Coleoptera 
  
  
  
 
Diptera 
  
  
  
 
Hymenoptera Formicidae 
 
  
  
 
Homoptera 
  
  
Crustacea Malacostraca Decapoda Sesarmidae 
 
  
  
  
Ocypodidae Uca Uca mordax 
  
    
Uca rapax 
  
    
Uca thayeri 
  
    
Uca vocator 
  
  
Ucididae Ucides Ucides cordatus 
  
 
Amphipoda 
  
  
Annelida Oligochaeta 
   
  
  
 
Tubificida Tubificidae/Naididae 
 
  
  Polychaeta Solecida Capitellidae Capitella   
  
   
Notomastus 
  
  
Paraonidae 
 
  
  
 
Phyllodocida Nephtyidae 
 
  
  
  
Nereididae 
 
  
  
  
Syllidae 
 
  
  
  
Pilargiidae Sigambra   
  
 
Terebellida Ampharetidae Isolda Isolda sp. 
Nemertina 
    
  
Mollusca Bivalvia Mytiloida Mytilidae Mytella Mytella falcata 
  
 
Veneroida Veneridae Cyclinella Cyclinella tenius 
  Gastropoda Archaeopulmonata Ellobidae Melampus Melampus coffeus 
  
 
Cephalaspidae Acteonidae Aceton Acteon candens 
    Mesogastropoda Littorinidae Littorina Littoraria angulifera 
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Appendix 4: Statistical analyses 
 
Table A3.1 
 
The final optimal model was selected after a stepwise backwards model selection using the 
likelihood ratio test: 
 
𝑆𝑒𝑑𝑖𝑚𝑒𝑛𝑡 𝑠𝑎𝑙𝑖𝑛𝑖𝑡𝑦𝑖𝑝~ 𝛼 +  𝑆𝑒𝑑𝑖𝑚𝑒𝑛𝑡 𝑑𝑒𝑝𝑡ℎ𝑖𝑝 +   𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡𝑖𝑝 + 𝑇𝑖𝑚𝑒𝑖𝑝  + 𝑆𝑒𝑑𝑖𝑚𝑒𝑛𝑡 𝑑𝑒𝑝𝑡ℎ𝑖𝑝 ×  𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡𝑖𝑝 +  𝑆𝑒𝑑𝑖𝑚𝑒𝑛𝑡 𝑑𝑒𝑝𝑡ℎ𝑖𝑝 × 𝑇𝑖𝑚𝑒𝑖𝑝 +  𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡𝑖𝑝  × 𝑇𝑖𝑚𝑒𝑖𝑝 + 𝑎𝑝+  𝜀𝑖𝑝, 𝜀𝑖𝑝 ~ 𝑁(0,𝜎2) 
 
Sediment salinityip is the sediment salinity of observation i for plant p, where p runs from 1 to 
18, and i is the observation for each plant that goes from 1 to 8 (the number of samplings 
over time). The final model above means that sediment salinity is modelled as a function of 
sediment depth, treatment, time and all their two way interaction terms. Treatment is a 
categorical covariate and sediment depth and time a continuous. The term ap is the random 
effect representing the between-plant variation and is significant (L. Ratio = 51.8, df = 1, p-
value < 0.001). The unexplained variance ɛ is assumed to be normally distributed with mean 
0 and variance σ2. The intercept of the model is represented with α. 
 
 
Table A3.2 
 
The final optimal model was selected after a stepwise backwards model selection using the 
likelihood ratio test: 
 
𝐿𝑜𝑔(𝑡𝑜𝑡𝑎𝑙 𝑙𝑒𝑎𝑓 𝑎𝑟𝑒𝑎)𝑖𝑝~ 𝛼 + 𝑇𝑖𝑚𝑒𝑖𝑝 + 𝑎𝑝 +  𝜀𝑖𝑝, 𝜀𝑖𝑝 ~ 𝑁(0,𝜎2) 
 
Log transformed total leaf areaip is the observation i for plant p, where p runs from 1 to 18, 
and i is the observation for each plant that goes from 1 to 8 (the number of samplings over 
time). The final model above means that log transformed total leaf areas is modelled as a 
function of time. Time is a continuous covariate. The term ap is the random effect 
representing the between-plant variation and is significant (L. Ratio = 211.7, df = 1, p-
value < 0.001). The unexplained variance ɛ is assumed to be normally distributed with mean 
0 and variance σ2. The intercept of the model is represented with α. 
 
 
Appendix 
 127 
Table A3.3 
 
The final optimal model was selected after a stepwise backwards model selection with the 
likelihood ratio test: 
 
𝐴𝑏𝑜𝑣𝑒 ∶  𝑏𝑒𝑙𝑜𝑤 𝑔𝑟𝑜𝑢𝑛𝑑 𝑟𝑎𝑡𝑖𝑜𝑖𝑝~ 𝛼 +  𝑇𝑖𝑚𝑒𝑖𝑝 + 𝑎𝑝 + 𝜀𝑖𝑝, 𝜀𝑖𝑝 ~ 𝑁(0,𝜎2) 
 
Above to below ground ratioip is the observation i for plant p, where p runs from 1 to 18, and i 
is the observation for each plant that goes from 1 to 2 (first and last sampling). The final 
model above means that above to below ground ratio is modelled as a function of time. Time 
is a continuous covariate. The term ap is the random effect representing the between-plant 
variation and is significant (L. Ratio = 9.5, df = 1, p-value = 0.002). The unexplained variance 
ɛ is assumed to be normally distributed with mean 0 and variance σ2. The intercept of the 
model is represented with α. 
 
 
Table A3.4 
 
The final optimal model was selected after a stepwise backwards model selection using the 
likelihood ratio test: 
 
𝑆𝑒𝑑𝑖𝑚𝑒𝑛𝑡 𝑠𝑎𝑙𝑖𝑛𝑖𝑡𝑦𝑖𝑐𝑠~ 𝛼 +  𝑆𝑒𝑑𝑖𝑚𝑒𝑛𝑡 𝑑𝑒𝑝𝑡ℎ𝑖𝑐𝑠 +   𝐴𝑟𝑒𝑎 𝑡𝑦𝑝𝑒𝑖𝑐𝑠 +  𝑆𝑒𝑎𝑠𝑜𝑛𝑖𝑐𝑠  + 𝑆𝑒𝑑𝑖𝑚𝑒𝑛𝑡 𝑑𝑒𝑝𝑡ℎ𝑖𝑐𝑠 ×  𝐴𝑟𝑒𝑎 𝑡𝑦𝑝𝑒𝑖𝑐𝑠 +  𝑆𝑒𝑑𝑖𝑚𝑒𝑛𝑡 𝑑𝑒𝑝𝑡ℎ𝑖𝑐𝑠 × 𝑆𝑒𝑎𝑠𝑜𝑛𝑖𝑐𝑠+ 𝐴𝑟𝑒𝑎 𝑡𝑦𝑝𝑒𝑖𝑐𝑠  ×  𝑆𝑒𝑎𝑠𝑜𝑛𝑖𝑐𝑠 + 𝑆𝑒𝑑𝑖𝑚𝑒𝑛𝑡 𝑑𝑒𝑝𝑡ℎ𝑖𝑐𝑠 ×  𝐴𝑟𝑒𝑎 𝑡𝑦𝑝𝑒𝑖𝑐𝑠 × 𝑆𝑒𝑎𝑠𝑜𝑛𝑖𝑐𝑠+ 𝑎𝑠 + 𝑎𝑐/𝑠 + 𝜀𝑖𝑐𝑠, 𝜀𝑖𝑐𝑠 ~ 𝑁�0,𝜎𝑑2� 
 
Sediment salinityics is the observation i for each sediment core c at each sampling site s, 
where c runs from 1 to 3, s from 1 to 7 and i is the observation for each core at the different 
sites that goes from 1 to 2 (the number of samplings). The final model above means that 
sediment salinity is modelled as a function of sediment depth, area type, season and all their 
two and three way interactions. Season and area type are categorical covariates. The terms 
as and ac/s are random effects representing the between-sampling site and between-core 
variation and are significant (L. Ratio = 11.7, df = 1, p-value < 0.001, nested term: 
L. Ratio = 64.4, df = 1, p-value < 0.001). The unexplained variance ɛics is assumed to be 
normally distributed with mean 0 and variance σ2d where d takes 7 different values according 
to each sediment depth level. The intercept of the model is represented with α. 
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Table A3.5 
 
The final optimal model was selected after a stepwise backwards model selection using the 
likelihood ratio test: 
 
𝐵𝑢𝑟𝑟𝑜𝑤 𝑑𝑒𝑛𝑠𝑖𝑡𝑦𝑖𝑠~ 𝛼 + 𝐴𝑟𝑒𝑎 𝑡𝑦𝑝𝑒𝑖𝑠 +  𝑆𝑒𝑎𝑠𝑜𝑛𝑖𝑠 +  𝐴𝑟𝑒𝑎 𝑡𝑦𝑝𝑒𝑖𝑠  × 𝑆𝑒𝑎𝑠𝑜𝑛𝑖𝑠 + 𝑎𝑠 +  𝜀𝑖𝑠,
𝜀𝑖𝑠 ~ 𝑁(0,𝜎2) 
 
Burrow densityis is the observation i for each sampling site s, where s runs from 1 to 7 and i 
is the observation at the different sites that goes from 1 to 2 (the number of samplings). The 
final model above means that burrow density is modelled as a function of area type, season 
and their interaction. Season and area type are categorical covariates. The term as is a 
random effect representing the between-sampling site variation and is significant 
(L. Ratio = 7.1, df = 1, p-value = 0.008). The unexplained variance ɛis is assumed to be 
normally distributed with mean 0 and variance σ2. The intercept of the model is represented 
with α. 
 
 
Table A3.6 
 
The final optimal model was selected after a stepwise backwards model selection using the 
likelihood ratio test: 
 
𝐵𝑢𝑟𝑟𝑜𝑤 𝐶𝑂2 𝑒𝑓𝑓𝑙𝑢𝑥 𝑟𝑎𝑡𝑒𝑖𝑏~ 𝛼 +  1 + 𝑎𝑏 +  𝜀𝑖𝑏 , 𝜀𝑖𝑏 ~ 𝑁(0,𝜎2) 
 
Burrow CO2 efflux rateib is the rate of observation i for burrow b, where b runs from 1 to 86, 
and i is the observation for each burrow that goes from 1 to 4 (number of samplings over 
time). The final model above means that CO2 efflux rate is modelled with an intercept 
represented by α and a slope of 1. The term ab is the random effect representing the 
between-burrow variation and is significant (L. Ratio = 606.0, df = 1, p-value < 0.001). The 
unexplained variance ɛ is assumed to be normally distributed with mean 0 and variance σ2. 
 
 
Table A3.7 
 
The final optimal model was selected after a stepwise backwards model selection using the 
likelihood ratio test: 
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𝐶𝑜𝑛𝑡𝑟𝑜𝑙 𝐶𝑂2 𝑒𝑓𝑓𝑙𝑢𝑥 𝑟𝑎𝑡𝑒𝑖𝑠~ 𝛼 +  𝑇𝑖𝑚𝑒𝑖𝑠 + 𝑎𝑏 +  𝜀𝑖𝑠, 𝜀𝑖𝑠 ~ 𝑁(0,𝜎2) 
 
Control CO2 efflux rateis is the rate of observation i for sampling point s, where c runs from 1 
to 96, and i is the observation for each sampling point that goes from 1 to 4 (number of 
samplings over time). The final model above means that the control CO2 efflux rate is 
modelled as a function of time. Time is a categorical covariate. The term ab is the random 
effect representing the between-sampling point variation and is significant (L. Ratio = 208.0, 
df = 1, p-value < 0.001). The unexplained variance ɛ is assumed to be normally distributed 
with mean 0 and variance σ2. The intercept of the model is represented with α. 
 
 
Table A3.8 
 
The final optimal model was selected after a stepwise backwards model selection using the 
likelihood ratio test: 
 
𝐶𝑟𝑎𝑏 𝑟𝑒𝑠𝑝𝑖𝑟𝑎𝑡𝑖𝑜𝑛𝑖𝑗 ~ 𝛼 +  𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡𝑖𝑗 + 𝑂𝑏𝑠𝑒𝑟𝑣𝑎𝑡𝑖𝑜𝑛𝑖𝑗 + 𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡𝑖𝑗 ×  𝑂𝑏𝑠𝑒𝑟𝑣𝑎𝑡𝑖𝑜𝑛𝑖𝑗 + 𝑎𝑗+  𝜀𝑖𝑗 , 𝜀𝑖𝑗  ~ 𝑁(0,𝜎2) 
 
Crab respirationij is the rate of observation i for an individual crab j, where j runs from 1 to 33, 
and i is the observation for each individual crab that goes from 1 to 5. The final model above 
means that crab respiration is modelled as a function of treatment, observation and their 
interaction term. Treatment is a categorical covariate and observation a continuous. The term 
ab is the random effect representing the between-crabs variation and is significant 
(L. Ratio = 65.0, df = 1, p-value < 0.001). The unexplained variance ɛ is assumed to be 
normally distributed with mean 0 and variance σ2. The intercept of the model is represented 
with α. 
 
 
Table A3.9 
 
The final optimal model was selected after a stepwise backwards model selection using the 
likelihood ratio test: 
 
𝐵𝑢𝑟𝑟𝑜𝑤 𝑟𝐻𝑖𝑏~ 𝛼 +  𝐻𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒𝑖𝑏 +  𝑆𝑒𝑑𝑖𝑚𝑒𝑛𝑡 𝑑𝑒𝑝𝑡ℎ𝑖𝑏 +   𝑇𝑖𝑚𝑒𝑖𝑏 +  𝑎𝑏 +  𝜀𝑖𝑏 ,
𝜀𝑖𝑏 ~ 𝑁(0,𝜎2) 
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Burrow rHib is the observation i for each burrow b, where b runs from 1 to 86, and i is the 
observation for each burrow that goes from 1 to 4 (number of samplings over time). The final 
model above means that burrow rH is modelled as a function of horizontal distance, 
sediment depth and time. Horizontal depth, sediment depth and time are continuous 
covariates. The term ab is the random effect representing the between-burrow variation and 
is significant (L. Ratio = 375.8, df = 1, p-value < 0.001). The unexplained variance ɛib is 
assumed to be normally distributed with mean 0 and variance σ2. The intercept of the model 
is represented with α. 
 
 
Table A3.10 
 
The final optimal model was selected after a stepwise backwards model selection using the 
likelihood ratio test: 
 
𝐶𝑜𝑛𝑡𝑟𝑜𝑙  𝑟𝐻𝑖𝑐~ 𝛼 +  𝑆𝑒𝑑𝑖𝑚𝑒𝑛𝑡 𝑑𝑒𝑝𝑡ℎ𝑖𝑐 +  𝑇𝑖𝑚𝑒𝑖𝑐 + 𝑆𝑒𝑑𝑖𝑚𝑒𝑛𝑡 𝑑𝑒𝑝𝑡ℎ𝑖𝑐  × 𝑇𝑖𝑚𝑒𝑖𝑐 + 𝑎𝑐 + 𝜀𝑖𝑐 ,
𝜀𝑖𝑐  ~ 𝑁(0,𝜎2) 
 
Control rHic is the observation i for each sampling core c, where c goes from 1 to 96 and i is 
the observation for each core that goes from 1 to 4 (number of samplings over time). The 
final model above means that the control rH is modelled as a function of sediment depth, 
time and their interaction. Time and sediment depth are continuous covariates. The term ac is 
a random effect representing the between-core variation and was significant (L. Ratio = 7.1, 
df = 1, p-value = 0.008). The unexplained variance ɛic is assumed to be normally distributed 
with mean 0 and variance σ2. The intercept of the model is represented with α. 
 
 
Table A3.11 
 
Four LME models for the control-burrow rH data of each month were evaluated. Since the 
optimal fixed terms were the same for all four models, exemplary one model is presented 
below. 
The final optimal model was selected after a stepwise backwards model selection using the 
likelihood ratio test: 
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𝐶𝑜𝑛𝑡𝑟𝑜𝑙 − 𝑏𝑢𝑟𝑟𝑜𝑤  𝑟𝐻𝑖𝑝~ 𝛼 +  𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡𝑖𝑝 +  𝑆𝑒𝑑𝑖𝑚𝑒𝑛𝑡 𝑑𝑒𝑝𝑡ℎ𝑖𝑝 + 𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡𝑖𝑝  × 𝑆𝑒𝑑𝑖𝑚𝑒𝑛𝑡 𝑑𝑒𝑝𝑡ℎ𝑖𝑝 + 𝑎𝑝 +  𝜀𝑖𝑝, 𝜀𝑖𝑝 ~ 𝑁(0,𝜎2) 
 
Control and burrow rHip is the observation i for each sampling point, where p goes from 1 to 
86 for the burrow rH values and from 1 to 96 for the control values and i is the observation at 
each sampling point that is 1 (number of samplings over time). The final model above means 
that the control and burrow rH data is modelled as a function of treatment, sediment depth, 
and their interaction term. Treatment is a categorical covariate and sediment depth a 
continuous one. The term ap is a random effect representing the between-sampling point 
variation and was significant (L. Ratio = 7.1, df = 1, p-value = 0.008). The unexplained 
variance ɛip is assumed to be normally distributed with mean 0 and variance σ2. The intercept 
of the model is represented with α. 
 
 
Table A3.12 
 
The final optimal model was selected after a stepwise backwards model selection using the 
likelihood ratio test: 
 
𝑆𝑒𝑑𝑖𝑚𝑒𝑛𝑡 𝑠𝑎𝑙𝑖𝑛𝑖𝑡𝑦𝑖𝑐𝑝~ 𝛼 +  𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡𝑖𝑐𝑝 + 𝑆𝑒𝑑𝑖𝑚𝑒𝑛𝑡 𝑑𝑒𝑝𝑡ℎ𝑖𝑐𝑝 + 𝑇𝑖𝑚𝑒𝑖𝑐𝑝 +   𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡𝑖𝑐𝑝  × 𝑆𝑒𝑑𝑖𝑚𝑒𝑛𝑡 𝑑𝑒𝑝𝑡ℎ𝑖𝑐𝑝+ 𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡𝑖𝑐𝑝  × 𝑇𝑖𝑚𝑒𝑖𝑐𝑝 +   𝑆𝑒𝑑𝑖𝑚𝑒𝑛𝑡 𝑑𝑒𝑝𝑡ℎ𝑖𝑐𝑝 × 𝑇𝑖𝑚𝑒𝑖𝑐𝑝+ 𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡𝑖𝑐𝑝  × 𝑆𝑒𝑑𝑖𝑚𝑒𝑛𝑡 𝑑𝑒𝑝𝑡ℎ𝑖𝑐𝑝 × 𝑇𝑖𝑚𝑒𝑖𝑐𝑝 +  𝑎𝑝 + 𝑎𝑐/𝑝 + 𝜀𝑖𝑐𝑝,
𝜀𝑖𝑐𝑝 ~ 𝑁(0,𝜎2) 
 
Sediment salinityicp is the observation i for each sediment core c at each plot p, where c runs 
from 1 to 3, p from 1 to 12 and i is the observation for each core at the different sites that 
goes from 1 to 7 (the number of samplings over time).The final model above means that 
Sediment salinity is modelled as a function of Treatment, Sediment depth, Time, and all their 
two and three way interactions. Treatment and Time are a categorical covariate and 
Sediment depth is continuous. Time was set as categorical covariate, because differences 
between points of time were not linear. The terms ap and ac/p are random effects representing 
the between-plot and between-core variation and are significant (L. Ratio = 71.7, df = 1, p-
value < 0.001, nested term: L. Ratio = 449.1, df = 1, p-value < 0.001). The unexplained 
variance ɛics is assumed to be normally distributed with mean 0 and variance σ2 considered 
for each sediment depth d separately. The intercept of the model is represented with α. 
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Table A3.13 
 
The final optimal model was selected after a stepwise backwards model selection using the 
likelihood ratio test: 
 
𝑂𝑟𝑔𝑎𝑛𝑖𝑐 𝑚𝑎𝑡𝑡𝑒𝑟 𝑐𝑜𝑛𝑡𝑒𝑛𝑡𝑖𝑐𝑝~ 𝛼 + 𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡𝑖𝑐𝑝 +  𝑆𝑒𝑑𝑖𝑚𝑒𝑛𝑡 𝑑𝑒𝑝𝑡ℎ𝑖𝑐𝑝 + 𝑇𝑖𝑚𝑒𝑖𝑐𝑝+  𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡𝑖𝑐𝑝  × 𝑆𝑒𝑑𝑖𝑚𝑒𝑛𝑡 𝑑𝑒𝑝𝑡ℎ𝑖𝑐𝑝+ 𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡𝑖𝑐𝑝  × 𝑇𝑖𝑚𝑒𝑖𝑐𝑝 +   𝑆𝑒𝑑𝑖𝑚𝑒𝑛𝑡 𝑑𝑒𝑝𝑡ℎ𝑖𝑐𝑝 × 𝑇𝑖𝑚𝑒𝑖𝑐𝑝+ 𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡𝑖𝑐𝑝  × 𝑆𝑒𝑑𝑖𝑚𝑒𝑛𝑡 𝑑𝑒𝑝𝑡ℎ𝑖𝑐𝑝 × 𝑇𝑖𝑚𝑒𝑖𝑐𝑝 + 𝑎𝑝 + 𝑎𝑐/𝑝 +  𝜀𝑖𝑐𝑝,
𝜀𝑖𝑐𝑝 ~ 𝑁(0,𝜎2) 
 
The organic matter contenticp is the observation i for each sediment core c at each plot p, 
where c runs from 1 to 3, p from 1 to 12 and i is the observation for each core at the different 
sites that goes from 1 to 8 (the number of samplings over time).The final model above means 
that Sediment salinity is modelled as a function of Treatment, Sediment depth, Time and all 
their two and three way interactions. Treatment is a categorical covariate and Sediment 
depth and Time are continuous. The terms ap and ac/p are random effects representing the 
between-plot and between-core variation and are significant (L. Ratio = 884.3, df = 1, p-
value < 0.001, nested term: L. Ratio = 337.4, df = 1, p-value < 0.001). The unexplained 
variance ɛicp is assumed to be normally distributed with mean 0 and variance σ2 considered 
for each sediment depth d separately. The intercept of the model is represented with α. 
 
 
Table A3.14 
 
The final optimal model was selected after a stepwise backwards model selection using the 
likelihood ratio test: 
 
 
𝐶𝑂2 𝑒𝑓𝑓𝑙𝑢𝑥 𝑟𝑎𝑡𝑒𝑖𝑢𝑝~ 𝛼 + 𝑇𝑖𝑚𝑒𝑖𝑢𝑝+ 𝑎𝑝 + 𝑎𝑢/𝑝 +  𝜀𝑖𝑢𝑝, 𝜀𝑖𝑢𝑝 ~ 𝑁(0,𝜎2) 
 
CO2 efflux rateiup is the observation i for each sediment sampling unit u at each plot p, where 
u runs from 1 to 4, p from 1 to 12 and i is the observation for each sampling units at the 
different plots that goes from 1 to 8 (the number of samplings over time). The final model 
above means that CO2 efflux rate is modelled as a function of Time. Time is a categorical 
covariate. The terms ap and au/p are random effects representing the between-plot and 
between-core variation and are significant (L. Ratio = 26.3, df = 1, p-value < 0.001, nested 
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term: L. Ratio = 1968.8, df = 1, p-value < 0.001). The unexplained variance ɛiup is assumed to 
be normally distributed with mean 0 and variance σ2. The intercept of the model is 
represented with α. 
 
 
Table A3.15 
 
The final optimal model was selected after a stepwise backwards model selection using the 
likelihood ratio test: 
 
𝑟𝐻𝑖𝑐𝑝 ~ 𝛼 + 𝑇𝑟𝑒𝑎𝑚𝑡𝑒𝑛𝑡𝑖𝑐𝑝 + 𝑆𝑒𝑑𝑖𝑚𝑒𝑛𝑡 𝑑𝑒𝑝𝑡ℎ𝑖𝑐𝑝 +  𝑇𝑖𝑚𝑒𝑖𝑐𝑝 +  𝑇𝑟𝑒𝑎𝑚𝑡𝑒𝑛𝑡𝑖𝑐𝑝  ×  𝑆𝑒𝑑𝑖𝑚𝑒𝑛𝑡 𝑑𝑒𝑝𝑡ℎ𝑖𝑐𝑝 +  𝑇𝑟𝑒𝑎𝑚𝑡𝑒𝑛𝑡𝑖𝑐𝑝  ×  𝑇𝑖𝑚𝑒𝑖𝑐𝑝 +  𝑆𝑒𝑑𝑖𝑚𝑒𝑛𝑡 𝑑𝑒𝑝𝑡ℎ𝑖𝑐𝑝×  𝑇𝑖𝑚𝑒𝑖𝑐𝑝 +  𝑇𝑟𝑒𝑎𝑚𝑡𝑒𝑛𝑡𝑖𝑐𝑝  ×  𝑆𝑒𝑑𝑖𝑚𝑒𝑛𝑡 𝑑𝑒𝑝𝑡ℎ𝑖𝑐𝑝  × 𝑇𝑖𝑚𝑒𝑖𝑐𝑝 + 𝑎𝑝 +  𝑎𝑐
𝑝+  𝜀𝑖𝑐𝑝, 𝜀𝑖𝑐𝑝 ~ 𝑁(0,𝜎2) 
 
rHicp is the observation i for each sediment core c at each plot p, where c runs from 1 to 3, p 
from 1 to 12 and i is the observation for each core at the different sites that goes from 1 to 8 
(the number of samplings over time).The final model above means that rH is modelled as a 
function of Treatment, Sediment depth, Time, and all their two and three way interactions. 
Treatment and Time are a categorical covariate and Sediment depth is continuous. Time was 
set as categorical covariate, because differences between points of time were not linear. The 
terms ap and ac/p are random effects representing the between-plot and between-core 
variation and are significant (L. Ratio = 288.4, df = 1, p-value < 0.001, nested term: 
L. Ratio = 378.8, df = 1, p-value < 0.001). The unexplained variance ɛics is assumed to be 
normally distributed with mean 0 and variance σ2 considered for each sediment depth d 
separately. The intercept of the model is represented with α. 
 
 
Table A3.16 
 
The final optimal model was selected after a stepwise backwards model selection using the 
likelihood ratio test: 
 
𝑆𝑡𝑖𝑝𝑢𝑙𝑒 𝑓𝑎𝑙𝑙 𝑟𝑎𝑡𝑒𝑖𝑝~ 𝛼 + 𝑠(𝑇𝑖𝑚𝑒)𝑖𝑝 +  𝑎𝑝 +  𝜀𝑖𝑝, 𝜀𝑖𝑝 ~ 𝑁(0,𝜎2) 
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Stipule fall rateip is the observation i for each plot p, where p runs from 1 to 12 and i is the 
observation within a plot which goes from 1 to 24 (the number of samplings over time).The 
final model above means that Stipule fall rate is modelled as a function of Time. Time is a 
continuous variable. The notation s stands for smoothing function of time. The terms ap and 
au/p are random effects representing the between-plot and between-core variation and are 
significant (L. Ratio = 15.0, df = 1, p-value < 0.001). The unexplained variance ɛip is assumed 
to be normally distributed with mean 0 and variance σ2. The intercept of the model is 
represented with α. 
 
 
Table A3.17 
 
Data sets of the macrobenthic density of Capitellidae and Oligochaeta had the same type of 
final model. However, the final LME model for the Capitellidae density data produced 
negative fitted values; therefore a square root transformation was applied. The final optimal 
model was selected after stepwise a backwards model selection using the likelihood ratio 
test: 
 
𝐷𝑒𝑛𝑠𝑖𝑡𝑦𝑖𝑝~ 𝛼 + 𝑇𝑖𝑚𝑒𝑖𝑝 +  𝑎𝑝 +  𝜀𝑖𝑝, 𝜀𝑖𝑝 ~ 𝑁(0,𝜎2) 
 
Densityip is the observation i for each plot p, where p runs from 1 to 12 and i is the 
observation for each sampling units at the different plots that goes from 1 to 6 (the number of 
samplings over time).The final model above means that Density is modelled as a function of 
Time. Time is a categorical covariate. During the model selection also Treatment, which is 
also a categorical covariate had been considered. However, the interaction between 
Treatment and Time was not considered during the model selection, since this term used up 
17 degree of freedom. To not overcomplicate the model and due to the low sampling size of 
72 values in total, the interaction was not considered. The terms ap is the random effects 
representing the between-plot variation and are significant (Capitellidae: L. Ratio = 50.0, 
df = 1, p-value < 0.001, Oligochaeta: L. Ratio = 9.8, df = 1, p-value = 0.002). The 
unexplained variance ɛip is assumed to be normally distributed with mean 0 and variance σ2. 
The intercept of the model is represented with α. 
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